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The subject of this thesis is the development of a laser light
source which could be used in an air pollution monitor to measure the
average concentration of sulfur dioxide gas over long paths (>l km).

.

Many of the problems encountered in designing a long-path pollutant
....

monitor such as instrument cost and reliability, the selection of an
optimum spectral region for making the measureme.nt, and light losses
due to scattering and turbulence, are considered.

The result of these

considerations together with a survey of available laser light sources

suggested that a· frequency-doubled dye laser possessed several advantages over other laser light sources.
The construction of a frequency-doubled flashlamp-pumped dye
laser was undertaken, and resulted in a laser with a peak output power
of 800 W, and which was tunable over the 572 to 610 nm region with
a spectral bandwidth of 0.5 nm.

An angle-tuned frequency doubler using

an ammonium dihydrogen phosphate (ADP) frequency-doubling crystal was
also constructed and converted the dye laser output to tunable ultraviolet with an energy efficiency of 0.3%.

This conversion efficiency is

in good agreement with theory when the fact that the dye laser spectral
width was roughly ten times the spectral acceptance of the frequency
doubler is taken into account.
The major problem limiting the usefulness of the frequencydoubled dye laser which was constructed is that of flashlamp lifetime.
Several possible solutions to this problem are proposed.
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PREFACE
This work was conceived and begun in the fall of 1971 as an
attempt to fill the need for a pollution monitoring instrument which
would be useful to local and regional air pollution authorities in
performing routine monitoring of average pollutant concentrations.
In addition, the pollutant sulfur dioxide was chosen to be the gas
of interest, since it was a pollutant of national importance for
which no long-path laser monitor had been developed.

4 major problem in designing an instrument based upon spectrascopic techniques is the problem of absorption spectra. overlap from
other materials present 'in the measur~ment path.

After a substantial

·literature search into various methods of reducing the eff.ects ·of such
'interference, it was decid~d to adopt the method developed ·by
Barringer Research termed correlation spectroscopy.

This method uti-

lizes a number of measurement wavelengths within the pollutant's absorption spectrum in a way to overcome the effects of spectral overlap.
A frequency-doubled dye laser was selected as the light source for the
instrument since its output fulfilled the two requirements for the
light source of tunability and output in the near ultraviolet; and it
appeared to offer some attractive advantages such as the possibility
of low cost and minimal complexity.
The experimental work for the thesis began in the fall.of 1972
and was not completed until the·spring of 1976 due to the author's
employn:ient.
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CHAPTER I
INTRODUCTION
At the present time approximately forty gaseous air pollutants
are being monitored in the United States, primarily using so-called

~et

chemical

te~~niques. 1

With these techniques a sample of air con-

taining the pollutant is bubbled through a solution which chemically
traps the pollutant.

Aft~r

a predetermined amount of sample gas has

passed through the absorbing solution, the solution is chemically
analyzed to determine the amount of pollutant trapped.
the amount of pollutant g?s.

~rapped

By knowing

and the volume of gas from which

the pollutant was trapped, it is possible to calculate the.original
concentration of the pollutant.
While wet chemical techniques have been and currently are widely
used, they do have a number of limitation~.

2

Frequently the chemical

techni9ue used to detect the presence of the pollutant gas in the absorbing solution is an insensitive one, thus requiring that substantial
amounts of the pollutant gas be trapped by the absorbing solution
before an accurate analysis can be made.

This requir~ment, when

coupled with the typical trace pollutant concentration levels found
in the atmosphere, implies that large volumes of air must be drawn
through the absorbing solution.

Due to the limited flow rates of

most sampling systems, large volumes of air may be translated to
mean long sampling

ti~es.

Indeed, sampling times on the order of

several hours are not unconnnon.

Such sampling times are unacceptably

2

long for a number of gaseous pollutants in that the Federal Ptimary
Standards

3

specify the maximum concentration permissible in any

single hour.

Thus it is essential that detection instruments be de-

veloped which do not require long samp1ing times.

In fact, it would

be highly desirable to develop an instrument capable of real-time
pollutant monitoring.
A second major problem is that in many instances, the chemical
method used to determine the concentration of a particular pollutant
has also been found to be sensitive to a variety of other pollutants
also present in the 'atmosphere.

For this reason it is often necessary

to precondition the sample gas before passing it through the absorbing
solution.

Preconditioning refers to some method of either removing

or chemically altering those gases which would later interfere with
the determination of the pollutant concentration.

The effects of such

preconditioning processes upon the pollutant of interest can often
leave the results of any subsequent concentration analysis open to
question.
While a wide variety of new instrumertts have been developed to
alleviate the

aforementi~~ed

shortcomings of wet chemical methods, 4

one very important characteristic remains in that almost all sue& instruments developed so far have been point measurement devices.

That

is to say, the concentration value determ.ined by the instrument is indicative only of the po_llutant concentration at the point from which
the sample was drawn.

In many instances, such as source monitoring,

the only information desired is the concentration of a particular
pollutant at some point.

In many other cases however, it is desirable

3

to monitor the average concentration of a pollutant over a geographically large area such as a city.

At the present time an area-wide

progtam might entail the use of a large number of point monitors
tributed throughout the study area.
t~ining

high.

dis~

The cost of acquiring and main-

s large number of point monitors is, in mostcase$unacceptably
A more practical solution would be a single instrument which

could replace all or a number of the point monitors.
Indeed, in the last few years a great deal of interest has beert
shown in the development of so-called long-path ·monitors.

In a long-

path monitor, light of known· intensity is passed through the polluted
atmosphere to a detector whete the transmitted light intensity is monitored (see Fig. 1).

In a polluted atmosphere, some of the light will

be absorbed by the various pollutants.

If one is clevet enough to pick

a wavelength for which only one pollutant gas absorbs, then the· amount
.

'

of absorption is indicative of the amount of pollutant present between
the light source and the detector.

The functional relationship between

the pollutant concentration and transmitted light intensity is Beer's
law:

5

=I

I

e-aO,)cL

( 1.1)

0

where:
I
I

0

= the

transmitted light

= the

initial light intensity

a(A)

= the

c

= the

i~tensity

pollutant's absorption coefficient at
the wavelength A of interest
average pollutant concentration along the
light path .

4
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llrJfll
ll'l'll
111

Fig. 1.

Envisioned long path, laser pollutant monitor system.

I
l

l·

5

= the

L

length of the absorption path over which the
light travels

To illustrate the sensitivity which might be

e~pected

from a

lortg-path monitor, consider an instrument designed to measure the concentration of sulfur dioxide gas using ultraviolet light.
(1.1)

Solving

for the pollutant concentration cone gets:
c

(I )

=-1
-inaL
I0

( 1. 2)

Assume that the instrument operates over a 1 km path and is capable of
detecting a change in light

~ntensity:due

to absorption o.f 0.5 percent.

The absorption coeffic'ient for sulfur dioxide around 300 nm is on the
order of 10

3

-1

atm

-1 & .

m .

'

Inserting these values into (1.2) one finds

that the minimum detectab1e concentration is on the order of

S parts-

per-blllion.
This minimum concentration is a factor of 6 less than the maxi-

so 2

mum yearly average concentration for

as established by the

Federal government and thus represents a useful signal-to-noise ·ratio.
Early attempts at making long-path monitoring devices utilized
light sources either in the form of a hot
electric arc.

~ilament

or a high current

Unfortunately, such light sources produce light which

is intcinsically unsuitable for making long-path absorption measurements.

The problems are t'wo-fold.

First, while the arc or filament

may radiate a large amount of light, the amount of power within any
narrow wavelength interval is small.

Second, the light is emitted in

all directions rather than in a collimated beam such as would be desired for use in a long-path monitor.
To illustrate the seriousness of

th~se

two problems, consider

6

an optical system in which light from an arc is collected by a lens
and is focussed on a detector such as illustrated in Fig. 2.

To

determine how much light will be incident upon the detector, we must
first know how large the light source appears to be in the detector
plane.

The lateral magnification of the light source in the image

or detector plane is kno"tm from geometrical optics to be: 7

M=h
d

(1. 3)

where:

M =the lateral magnification·
=·the lens to .image distance

L

d = the source to lens distance.
~seft,il

The maximum

image size of the light source will be the

that of the receiver collector.

~ame

.as

Relaying the receiver collector size

back through the magnification of the projection optics we arrive at
the maximum useful size of the light source:
r

re

s

= -= r
M

d

c L

(1.4)

where:

= the

r
s

maximum useful radius of the emitting arc
or filament assuming a circular collector

rc

= the

radius of the receiver collector

d

= the
= the

light source to projection lens distance

L

projection lens to

r~ceiver

distance.

The maximum usable light source area is then:
A
s

= Trld
~L

)2

r

c

2

where As is the area of the light source whose light strikes the

(1. 5)

7
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Fig. 2.

1..

,.._ d .....

DETECTOR

L

Light projecting system such as might be used in a long-

path pollutant monitor utilizing a conventional light source.

8

receiver.

Quick examination of (1.5) reveals that the size of the

light source will be quite small.

If the lamp is assumed to radiate

as a blackbody as many arcs and most hot filaments do, then the
amount of power emitted per square centimeter of emitter surface area,
per Angstrom of wavelength per steradian of solid angle will be given
by:

8

3.74 x 10 15
RO.,T)

=

[

J

1.438A; 10 7

). s e

( 1. 6)

- 1

where:
R

= the

spectral radiance in wat~s/cm 2 /!/steradian

A = the wavelength in nanometers for which the
radiance is desired
T

= the

source temperature in degrees Kelvin.

The amount of power withi~ ~ny one !ngstrom wavelength interval,
which can be collected and imaged on a receiver is given by the
products of (1.5) and (1.6) and one final factor 0 which corresponds
to the solid angle of the projection optics· from the source.

PR• A8 R(A,T) 0

•

2

(1. 7)

15

2(d) f (
re L

3. 74 x io
1.438· x 107
e

AT

)

J~ [ (d)2]l'J
211 1 - 1 - 2r

- 1 As

where the unit·s of A must be squate centimeters.
s

ate the above expression for two cases of interest:

p
Let us now evalufirst for long-

path monitoring in the ultraviolet at 300 nm, and second in the middle
infrared at 5 microns.

The reasons for choosing these spectral regions

9

will become clear in chapter III.
Let us assume that both the projecting and receiving optics are

mirrors 15 cm in diameter and have 15 cm focal lengths .. Mirrors are a
better choice than lenses since for comparable diameters and focal
lengths they are physically lighter and less expensive, and 15 cm
represents a compromise between size and cost.

Furthermore, let us

assume that the transmitter and collector are separated by one kilometer.

The highest temperature lamp ·commercially available, and

therefore the one which produces the greatest amount of power per
wavelength interval, operates at a blackbody temperature of 10,000 K.

9

Inserting these values into (1.7), and assuming a wavelength of 300 nm,
we get a received power of 0.5 µW.

If this were incident upon a

photodetector such as· a 1P28 photomultiplier~lO it would give an electrical output only ten times greater than the noise output from the
detector in the absence of any signal.

Since many other lossy optical

components such as lenses, prisms, as well as atmospheric transmission
losses would be present in a real system, such a small optical signal
would generally not be acceptable.
In the infrared at 5 microns, the amount o; received power would
be 1.5 x 10-

10

W.

If this light were chopped at a 1 kHz frequency

to allow AC detection and amplified by an amplifier with a 10 percent
of center frequency bandwidth, the outpu~ from a cooled, 1 mm 2 PbSe

det~ctor 11 would be just larger than the detector noise.
Thus, because of their spectrally broadband emission, and poor
collimation characteristics, conventional light sources are not well
suited for use in long-path monitoring instruments.

10

Laser light sources, however, intrinsically produce well collimated oeams which are spettrally very narrow with linewidths of 1
or

le~s

Byers

12

1

and divergences of 1 milliradian or less. being typiaal.
has stated that using a laser light source, it should be pos-

sible to make pollutant concentration measurements over pathlengths as·
long as SO km.

Thus the laser would appear to be the missing link

needed for the realization of a true long-path monitor.

In fact, a

number of long-path research instruments have recently been built for
•
.
t h e d etection
o f a var1ety
o f po 11 utant gases. 13-16

Those long-path

las~r

instruments which have been developed thus

far, have displayed adequate sensitivity and a few are capable of monitoring more than one pollutant.

None of those instruments,

h~weve~,

have had the simplicity, the reliability, and especially the loW' cost
to be valuable to air pollution control agencies.

This is evidenced

by the commercial nonavailability.of a laser-based long-path pollutant
monitor.

The need remains, therefore, for a long-path detection in-

strument which would be suitable for use in the field by local

a~d

regional air pollution authorities.
It was thus decided to try to. develop a laser-based, long-path
pollutant monitor which could be low in cost, reliable in operation,
require little maintenance, and capable (ideally) of monitoring a
number of the major gaseous air pollutants found in urban atmo·spheres.
While it is obviously advantageous to be able to monitor a number of
pollutants using the same instrument, it was decided to initially
concentrate on developing an instrument for monitoring sulfur
The reasons for choosing sulfur dioxide were that it is a

dio~ide.

p~llutant

11

of national interest for which federal standards had been established,
and it was a pollutant for which no laser long-path monitor existed
.
.
at t h e inception
o f t h.is wor k . 16

CHAPTER II
LONG-PATH LASER MEASUREMENT CONSIDERATIONS
One of the primary considerations in constructing any measurement instrument is to make certain that the quantity to be measured
is the only quantity being measured.

That is to say, if one is making

an instrument to measure the resistance of a wire, then the instrument
should not be subject to errors introduced by the leads used to connect
the measurement instrument to the wire under test.

Or, if one is mak-

ing an instrument to measure the amount of light absorbed by some medium, then precautions must.be taken to

en~ure

that

t~e

measurement is

not influenced by absorption or scattering from anything but the medium
of interest.

It is to the understanding of this general problem that

chapter II is dedicated, for a light beam passing through the atmosphere may be subjected.to a number of processes which can produce
errors in the absorption measurement if not accounted for and
ted.

~orrec

In particular, a light beam being propagated through the atmos-

phere may be absorbed by gases other than the pollutant of interest.
A portion of the light beam may be scattered by parti~ulates in the
atmosphere and even the air molecules

them~elves.'

In addition, atmos-

pheric temperature variations along the p'ath can cause the· beam to
spread and wander about the receiver plane.

Such beam movements can

result in a loss of power on the receiver which results in measurement
errors.
Each of these effects will be examined in this chapter.
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Interfering Absorption Spectra
The first problem to be examined will be that of interference

from gases other than the pollutant, whose absorption spectra overlap
in wavelength the absorption

spectr~

of the pollutant gas. If one

makes a simple, single wavelength absorption measurement such as described in the introduction, it will be impossible to tell how much
of light was absorbed by the pollutant, and how much was absorbed by
any interfering gases.
Beer's law

e~pression

= I 0e

I

The reason can be easily seen by examining the
for absorption by two gases:

-.[a.i(A1)c.1 + a2(X2>c2] L
(2 .1)

where:

= the

received light intensity
transmitted light intensity

al(Al)

= the
= the

cl

= the

concentration of the pollutant

a 2 (A 2 )

= the

I
I

0

c2

L

absorption coefficient of the pollutant
of interest at the wavelength A1

absorption coefficient of the interfering
gas at the wavelength A1

= the
= the

interfering gas concentration
pathlength.

This can be rewritten as:
-a1{)q)c1L - a2 (X1 )c'2L

(2.2)

which is nothing more than a linear equation in at least two unknowns,
c1 and c2 .

In general at least

tw~

independent equations will be re-

quired to determine c1, the concentration of the pollutant of interest.

I

I

I
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The second independent equation can be obtained by performing the
absorption measurement at a different wavelength Az such that:
I(:\2)

R.n

l"<I;)

= -a1(X2)c1L

(2.3)

- a2(Xz)czL.

0

Solving (2.3) for c2 and using that expression in (2.2)

~e

can solve

for the pollutant concentration:

c1

=

R.n(IP. 2 ) )

az{A. 1 ))
( a 2 (Az)

...

i~l(A1)

I (A 2)

J

I (A 1 )

fi (~1 O.z>\(a2 P·1 >f
a1(A1)L[ -\a1(A1>J a2(A2)J

(2.4)

The previous analysis could have been performed for the general case
of n interfering gases by making n measurements at n different wavelengths.

Usually little is known about the values of the absorption

coefficients of the interfering gas, thus making it impossible to
evaluate (2.4) for c1.

However it is sometimes possible to pick two

wavelengths X1 and A2 such that there is a significant change in the
absorption coefficient of the gas of interest, but little change in
the absorption coefficient of any interfering gas.
a2(A1)

~

If

a2(A2), then (2.4) can be reduced to:

~

I (A 2)

!n

c

-

l -

)

I (A 2)
0

_,

R.~I (), 1 ) J
I (A1)
0

(a1(A1) - a10.2))L

(2.5)

The absorption coefficient of a gas is generally a slowly varying function of wavelength except in the vicinity of the center of an
absorption line, where under conditions normally found near the surface
of the earth, the strength of the absorption line will have a rapidly

1

I
I
I
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varying Lorentzian shape with respect to wavelength.

17

The width of

the Lorentzian absorption line will depend upon parameters particular
to the gas and absotption line of interest.

To make the absotption

coefficient for the interfering gas at the two measurement

wa~elengths

as similar as possible it is desirable to keep the two measurement
~avelengths

as close together in wavelength as possible; the minimum

wavelength separation might be taken to be one-half of the pollutant
gase's absorption linewidth.

Making the first measurement at the

wavelength of maximum absorption for the pollutant gas and

allowing

the second measurement wavelength to fall one-half absorption line_.
width away, dso tends t·o ma}timize the change in the pollutant's
absorptiort coefficient, a condition for high sensitivity.
Measurement systems which rely upon the fact that the value of
the absorption coefficient of the interfering gas at the two measure-

.

.

ment wavelengths is constant are termed dual beam systems.

5

Such

systems have long been used in the laboratory to subtract out interfering backgrounds.

The dual beam system is capable of discriminat-

ing against forms of spectral interference which result in a loss of
transmitted light which does not vary significantly with wavelength,
and can therefore also be used to eliminate light losses due to
scattering.
If the measurement is subject to interference from a gas with
a rapidly varying interference spectrum, it is necessary to adopt a
measurement method utilizing many wavelengths.

One could think of a

brute force system using a laser which emits light at a large number
of wavelengths, and a computer to solve a series of linear equations
!

I
I·
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to determine the concentrations of the various absorbers present.
A small system based on this idea was built by General Electric

18

and used four wavelengths from an infrared carbon dioxide laser.
was

cap~ble

It

of measuring anunonia and ethylene gas at part-per-billion

concentrations over a two mile range.

Unfortunately ethylene and

annnonia are not pollutants of extreme interest.

Had it been possible

to match the output wavelengths of the co 2 laser to one of the more
interesting pollutants such as sulfur dio~ide or carbon monoxide, the
instrument would.have been useful.

Unhappily, coincidences between

pollutant absorption lines and the output from discrete wavelength
iase-.ts such ·as co

2

are rare.

A second type of multiple wavelength, pollution monitoring instrument is the correlation spectrometer
Research, Ltd., Ontario, Canada.

19

developed by Barringer

In this instrument, light from a

blackbody light source such as the sun or arc lamp, which has passed·
through the atmosphere enters the correlation spectrometer where it is
dispersed by a diffraction grating or prism.

Detection is

accQ~plished

by inserting a mask in the spectrometer's focal plane, which allows
only light at those wavelengths corresponding to the pollutant's absorption lines to pass through to the detector.

If the mask oscillates

in the focal plane of the spectrometer such that at one point in its
physical excursion, only those wavelengths corresponding to the pollutant absorption lines are allowed to pass, while at some later time in
the mask vibration the light passing through the mask corresponds to
wavelengths for which little pollutant absorption occurs, it is possible to perform dual wavelength measurements at a number of pollutant

I

I
I

17

'

I

absorption lines simultaneously.

The number of measurement wavelengths

l

is determined by the number of slits in the mask, and for sulfur dio-·
xide gas is usually on the order of five to ten slits.

The ability of

the correlation spectrometer to discriminate against interference stems
purely_ from the fact that it is improbable

th~t

an

in~erfering

gas will

have an absorption spectra which exactly matches the pollutant's absorption spectrum at all of the measurement wavelengths.

While it is

possible to imagine that a number of interfering absorption spectra
might synergistically combine in a way which could fool this system,
no evidence to this effect has been found.
The fact that this instrument uses 'a blackbody

lig~~

source may

at first appear inconsistent with earlier arguments which showed that
because of the small amount of optical power which would be incident
upon an

in·st~ument'

s photodetector, blackbody light sources· were a

poor choice for a long-path monitor.

The correlation spectrometer is

able to avoid the low signal problem by using many slits instead of
one, and by allowing each of the slits to ~ass many Angstroms 'of opti-.
cal power.

The penalty for making the slits wide is a reduction in the

instrument's sensitivity to a particular pollutant and in its ability
to discriminate against interference.

Since lasers intrinsically pro-

duce light with a very narrow linewidth, a correlation spectrometer
which uses a laser light source should display superior sensitivity
and selectivity to one which uses a blackbody light source.
While the Barringer instrument is limited to detecting a
single pollutant because of the necessity of using a mask which
matches the pollutant's absorption spectrum, it is capable

o~

18
detecting any gas possessing rapidly varying absorption spectra lying
within the
~asks.

wavelengt~

range of the spectrometer, by simply changing

With a tunable laser light source the through-put advantage

would not be needed and the wavelength selecting function of the mask
could be simulated by sequentially tuning the laser to the appropriate
wavelengths.

Since the tuning function can be controlled by a small

computer programmed to select any number of

d~sired

wavelengths, it

should be possible to monitor several pollutants by toning the laser
to the appropriate wavelengths.
Thus at least two methods utilizing two or more wavelengths have
been developed to reduce if not eliminate the effects of spectral overlap in absorption measurements.· Both can be used 'with laser sources.
Which method is adopted will depend upon the severity of the interference problem encountered, and the laser light source used.
Scattering by,Molecules and Particulates
The second general problem, that of scattering from molecules
and particulates can be divided into two regimes depending upon the
th~

size of the scatterer relative to the wavelength of the

propagated.

l~ght

being

When the wavelength is much larger than the size of the

scatterer,. the process is termed Rayleigh scattering 20 and has a func-

i

tional dependence which is inversely proportional to the fourth

1·

of the wavelength, i.e.:

I
I
I
!

a«

..:L

(2.6)

A4

where:

a

= the

pow~r

~ayleigh

scattering coefficient

19
A
~he

= the

wavelength of the light.

fractional transmission for a one kilometer path through air is

3 . 20
. Fig.
.
s h own in

As can be seen, for 1 km paths Rayleigh scattermechanis~

ing becomes an· almost negligible loss

at wavelengths longer

than about 320 nm, the 90 percent transmission point.
When the slze of the scattering particle is on the same order,
or larger than the wavelength of the light being scattered, the
scattering process is termed Mie scattering,

20

and the amount of light

scattered will rlepend upon· the wavelength of the light being propa&ated, the size spectrum of the scattering particles, and the index of
refraction: o'f the particles.

The fraction of light transmitted as a

function of t.lavelength under various visibility conditions is shown
in Fig.·4.21

On~e again, ~he transmission decreases rapidli.as one

goes to short wavelengths.

Neither form of scattering is so intense

as to preclude the possibility of making a long path measurement provided there is sufficient light available from the transmitter to
overcome scattering losses.
the

tr~nsmitter

cent.

At ultraviolet wavelengths around 300 nm,

will have to overcome losses of the order of 75

per~

In the middle infrared, the losses are a factor of three

smaller or about 25 percent under medium haze conditions.
In addition to Mie and Rayleigh scattering, fog will reduce the
intensity of a transmitted laser beam.

At wavelengths less than

roughly 10 microns the amount of light transmitted through fog will be
on the order of one part ·in io

14 20
.

At longer wavelengths the trans-

mission improves slowly, but in general, optical measurements through
fog will not be possible.
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Atmospheric Turbulence
The third general problem to be faced is that of atmospheric
turbulence.

The general problem of light

propagat~on

through a turbu-

lent atmosphere is beyond the scope of this thesis, and the reader is
referred to any one of the excellent review papers on this subject for
more detailed analysis. 21 , 22
r~fers

Simplistically, atmospheric turbulence

to the fact that the atmosphere is not homogeneous with respect

to temperature hut rather consists of various sized "bubbles" of air
which are warmer or cooler than the surrounding air.

Since the refrac-

tive index of air depends upon the temperature of the air, the bubbles
of warmer or cooler air act like lenses of varying focal length which
are carried through the beam by the wind. 21

The effect of such'~enses'

upon the beam is simplistically two-fold.' 'First, if the diameter of
the "lenses" is smaller than the beam, a cl!se corresponding to very
small regions of warm or cold

air~

then the primary result will be to

cause the beam to spread in the receiver plane.

If on the other hand

the "lenses" are large in diameter relative to the diameter of the
beam, a case corresponding to very large buhhles of warm or cold air,
then the main effect will be that the beam will wander around in the
receiver

p~ane.

Since the atmosphere has in it a virtual continuum of

hubhle sizes, both beam spreading and steering will be present.

The

net effect of both phenomena is to increase the required size of the
receiver collector since it must

now capture not just a stationary

beam of a certain size, but one which both "blooms" due to lensing, and
moves around in the receiver plane because. the "lenses" are moving.
In a following section we will calculate the size of a receiver

23

collector necessary to capture a laser beam in the presence of
turbulence.

If the entire beam can be captured then the effects of

turbulence will be zero since energy

will be conserved.

As

~i11

be

seen, the size of a collector necessary to capture the entire beam
will become prohibitively large under worst case turbulence conditions and it will be necessary to adopt some method other than just
using a larger collector to reduce the effects of turbulence.
fore proceeding

~ith

Be-

such calculations it is necessary to determine

the diameter of the collector which could capture the entire beam in
the absence of turbulence.

This collector size can then be used to

calculate the necessary collector diameter in the presence of turbulence.
Calculation of Laser Beam Spot Size in the Absence of Turbu~·

The diameter of a laser beam is not a parameter which can be

measured in the same manner as one would ·the size of a box or a desk,
since a laser beam has no sharply defined edge beyond which there is
no light.

In general, the intensity of a laser beam gradually ap-

proaches zero as one moves away from the beam axis and is usually
• d as h av1ng
•
•
•
•
c h aracter1ze
a Gaussian
intensity
pro f 1. 1 e. 24

Because a

laser beam lacks a well defined edge, its size is usually measured
in terms of a parameter w which is termed the spot size or radius,
and is defined in the case of a beam with a Gaussian intensity distribution to be the distance from the beam axis to a point where the
laser beam intensity has dropped to l/e 2 ~f its on-axis value.
The beam spot size w is in turn a function of the distance
along the beam axis measured from a plane where th.e radius. of

24

of curvature of the beam wave front is infinite.
termed the waist.

This plane is

In geometrical optics this plane was called the

focal plane, and for laser beams which are slowly convergent or divergent, the two planes are equivalent.

The beam spot size

~

is given

by:24

w(z) = w0

2 1/2
+ (m::2) ]
.

f1

(2. 7)

where:
w(z)

= the

A

= the

w

= the beam spot size at the beam waist, z=o.

0

beam spot size (radius) a distance z
away from the beam waist
laser wavelength

As is shown in Appendix I, the smallest diameter which can be propagated between two points a distance L apart is one for which the spot
size w at the two ends of the path is equal and ·related to the spot
size in the waist region by:
w

which

= w0 /2

(2.8)

can be rewritten as:
w

=

c1t2.

(2.9)

A laser beam which is propagated in this manner is termed confocally
focussed.

To capture 99 percent of the transmitted power, both the

transmitter and receiver should have a diameter of 3w, 25 and this value
of receiver/transmitter diameter is plotted in Fig. 5 as a function of
pathlength for three wavelengths.

As can be seen, the beam sizes are

25
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quite small, being on the order of tens of centimeters.

Having de-

termined the laser beam spot size in the absence of turbulence,' it is
now possible to estimate the beam size in the presence of turbulence.
Perturbation of the Laser Beam by Atmospheric Turbulence.
was stated earlier, the net effect of atmospheric

~urbulence

As

is to

cause the beam to spread out and to wander about the receiver plane.
In this section, the magnitude of turbulence caused effects will be
estimated.

In addition to qualitatively examining the effects of beam

steering and beam spreading, beam

~antler

due to diurnal vertical temp-

erature gradients will be considered~
Beam Steering.

Consider a plane wave of light which passes

through a length of medium whose index of refraction varies due to
some perturbation such as a nonuniform temperature profile (see Fig. 6).
After passing through the medium, various

porti~ns·of

will have suffered varying amounts of phase

the wavefront

reta~dation.

The phase

distortion has the same effect as changing the angle of arrival of the
wavefront, that angle being: 23
60

= l\<f>

27T

A
p

(2.10)

where:
60

= the

6¢

= the

angle of arrival of the perturbed wavefront
relative to the unperturbed plane wave
phase retardation between two points along
the wavefront separated by a distance p.

· Since the turbulence moves through the beam, the angle of arrival of the wavefront is a quantity whose variation as a. fun.ction of
time may not be known, but whose statistics can be and have been measured.
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wave on propagating through a turbulent medium.
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The statistical quantities which are used are the standard deviation

cr~(p), and the standard deviation of the

of the phase fluctuations,

angle of arrival fluctuations, cr (p).

0

The values of the two quanti-

ties are taken to be

crm(p)

= <~~2

- <~~>2>

1/2

cre(p)

= <~e2

- <~8>2>

1/2

(2.11)

and,

(2.12)

and are related by:

cre(p)

A

=

p

(2.13)
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Tatarski

postulated that for paths of uniform turbulence intensity,

the standard deviation of the phase fluctuations between two points in
a beam p apart, would have a functional dependence upon the wavelength
and pathlength of:
cr~(p)

3. 7 pS/6 C

n

=

J}/2

).

(2.14)

where Cn is an experimentally measured parameter known as the structure
constant.

Inserting (2.14) into (2.13):

cre(p)

=

1.48 C 1 1 /2
n
pl/6

(2.15)

The lateral deflection of the beam in the receiver plane will be just:

o = cr8 (p)

L .

(2.16)

':f'hP. actual size of the spot in the receiver plane will be the sum of
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the minimum spot size in the absence of turbulence, plus the amount of
lateral deflection due to turbulence.

Taking the minimum spot size to be 3w(z), and assuming it is

con~

Stant over the path, we get for the size of the beam in the receiver
plane, z • L:

D

= 3w(z) +

(2 .17)

2a 0 {3w(z)}z

= 2.4Al/2Ll/2 + 2.56 c Ll?/12~-1/12 •

(2.18).

n

this the diameter of the collector necessary to insure that the beam
will be entirely captured 39 per cent of the time, and is plotted versus pathlength L in Figs. 7a, 7b, and 7c for the worst case condition
.
of strong turbulence (en= 5 x 10-7 m-1/3 ), 23 and for various.values

wavelength.

o~

The minimum receiver diameter calculated from (2.9) is

also shown for comparison.
'l'he time value of 39 percent corresponds to one standard deviation of a Rayleigh distributed variable such as beam deflection.
increase the fraction of time the beam is

complet~ly

23

To

captured to

99.9 percent, it will be necessary to increase the receiver collector
diameter by a factor of three.

As can be seen from Figs. 7a, 7b and

7c, even for 1 km pathlengths receiver diameters on the order of 0.5 m
will be necessary. · Such collectors are not only expensive, but would
require elnborate and expensive mounting 'fixtures.
Beam Spreading.

Beam spreading is the second major turbu-

lence caused effect which will influence the size of the beam in the
receiver plane and will be appreciable when the transmitted beam diameter is larger than the turbulence blobs.

The mathematical arguments
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used to calculate the fraction of the transmitted power collected by a
receiver in the presence of beam spreading are far more complicated to

understand than those relating to beam steering and only the end result
of the mathematical development will be given here.

Again

follo~ing

the arguments given by Davis, the fraction of the transmitted power
received by·a collector of diameter Dis given by:

n =

1

t.

23

=~)
E ~+l !~ e-lt
Jb=k+l J
~00

00

(2.19)

where
t

= 0.2

"f..7/5

111/5

s =

.p7

c

n

(2 .. 20)
12/5

n2 ')..2/5

1 16/s

(2.21)

c12/s
n

and the structure constant C is taken to have a value of
n
' -7 - .1 23
5 x 10
m 3,
a value corresponding to high turbulence conditions.
This expression was numerically evaluated on the Oregon Graduate
Center's.Prime computer for several wavelengths and pathlengths, and
the results of this computation are shown in Fig. 8.

As can be seen,

large diameter collector optics will be needed to collect the entire
transmitted beam under worst case turbulence conditions for large
ranges.

However, for moderate ranges of 1 km, the collector size is

not unreasonable.
Beam Wander Due to Diurnal, Vertical Temperature Gradients.
A laser beam propagating over a horizontal surface will experience
bending due to the changes in the temperature gradient of

the air
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above the ground.

During the day when the earth's surface is warmer

than the surrounding air, the temperature gradient will be negative.
For a normal atmosphere the lapse rate will be on the order of
-.006 to -.ot

0

c

per meter of vertical rise.

22

At night, the earth is

cooled both convectively and radiatively, and the lapse rate can become positive.

While the value of the lapse rate under these condi-

tions 'is highly variable, a worst case number far night time conditions
, might be half of the daytime value or +.003 to

+.oos 0 c per

meter.

The curvature of a horizontal beam near sea level is given by:

c =

32.6 + 930

22

22

d'f

dh

(2.22)

where:

c

= the

curvature in microradians per kilometer of

path length
d'f

dh

=

the lapse rate,

0

C per meter.

The value of the curvature will be virtually independent of wavelength,
since air has little dispersion.

In our case we are not interested in

the curvature itself, but in the change of curvature which will be from

(2.22):

~C

= 930

6dT
dh

(2.23)

Assuming a worst case change between the day and night lapse rate of
.015°C/meter, we get a maximum change in the curvature (which can be
thought of as an angular deviation of the beam) of
km of pathlength.

~c·=

14 uradians per

Compared to turbulence induced fluctuations, this

value of beam deviation is small and can probably be neglected.
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Methods for Reduction of Turbulence-Induced Errors.

From the

preceding discussion on turbulence, it is clear that in general it will
not be possible to eliminate the fluctuations in received power without
resorting to large collector systems.

~arge

collector systems are un-

desirable from the standpoint of both size and cost.

In fact it would

be highly desirable to devise a method other than a large collector
to reduce the turbulence-caused fluctuations to near zero.

In the next

section, two possible methods of reducing turbulence-induced errors
will be discussed.

'llle first method takes advantage of the fact

the fluctuations are basically low

fr~quency

t~at

effects, and that it may

be possible to complete a multiple wavelengt.h measurement within a time
interval which is short compared to the time required for the turbulence to change.

If the turbulence level does not change, then the

loss associated with the turbulence will be constant and can be negated
using a single dual wavelength measurement.

The second

m~thod

to be

examined is that of averaging a large number of pulses to obtain the
mean value of the transmitted power at the various wavelengths.
Fluctuation Reduction by Near Simultaneous Sampling.

The

first method of reducing the fluctuations in the received power is to
perform a multiple wavelength measurement in a time short enough to
"freeze" the turbulence.

The amplitude fluctuations ·are. produced by

index of refraction inhomogeneities which are propelled through the
b~am

by the wind, and will therefore have a frequency distribution

which is .related to the windspeed.

Tatarski found experimentally that

the frequency component of the amplitude fluctuations ·f,is related to
the component of the wind spe·ed perpendicular to the optical path V,
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hy:26
f ... .:_]__v

(2.24)

AL
and that the high frequency end of the spectrum was roughly 1 kHz.
The worst case frequencies will be the highs since they will place a
limit on the time interval during which the turbulence can be assumed
to be stationary.
Assu~ing

that the power fluctuation varies sinusoidally with time

according to:
p

P

= 2° [l

+ sin(21Tft)]

(2.25)

then the maximum rate of change of received optical power will be given
by:
dP

dt

= 1TP

f

(2.26)

0

where dP is the change in power occurring in a time increment dt;
(2.26) can be rewritten as:

dt

= _1_
TT-f

dP

p

(2.27)

0

The value of dt is the maximum amount of time which can lapse within
a set of multiple wavelength measurements before the. received power
fluctuation due to turbulence becomes larger than the fraction dP/P 0

•

For example, assuming the maximum allowable change in received power
due to turbulence to be 0.05P 0 , and a maximum value for f of 1 kHz, 26
then the maximum time between samples forwhichthe turbulence will be
frozen is 16 microseconds.

It will be difficult to mechanically move
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any tuning elements within a laser such as a dye laser within that time
span; however, methods of tuning a laser exist which do not necessitate
physically moving an optical element, and will be discussed in
chapter VI.
Fluctuation Reduction by Pulse Averaging.

Since the turbu-

lence-induced fluctuations in received power are random, a second
metnod which suggests itself to

re~uce t~e

errors caused by the fluct-

uations is to average a large number of pulses to obtain the mean value
of the transmitted power.

It can be· argued that the mean value of the

received power will provide the concentration information since the
average power lost due to turbulence could just as easily be attributed
to some loss mechanism such as scattering.
If pulse averaging is to be used to reduce the fluctuations in
the

~eceived

power, the question arises as to how many pulses must be

sampled 'to obtain a mean value which statistically is equal to the
actual mean value without fluctuations within some precision or confidence limit.

Confidence limits have been worked out for the case of

normal or Gaussian probability distributions, but not for Rayleigh distributions, which describe the fluctuation in received power.
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It can

be shown however that the probability distribution for the sum of a
number of non-normal distributions will approximate

a normal

distribu-

tion provided that the non-normal distribution samples are independent.
'rhis is known as the central limit theorem.

28

For multiple samples of

the received power to be statistically independent, the samples or
pulses must be decorrelated, and therefore separated in time' by the
decorrelation time.

Decorrelation times for light passing through the

39

atmosphere are on the order of 10 m$ or less,

29

pulse rate of the laser is limited to 100 Hz.

and therefore the
For cases of weak

turbulence the decorrelation time is longer, but under those conditions

it should be possible to collect the entire beam negating the need
for pulse averaging.

Assuming that the received pulses are decorrelated,

.
. t h e receive
. d power
error in
t h en t h e mean square re 1ative

E

• 30
is:

12 _1_
= ---1'"-/ff
(J

£

2.28

where:

= the
P = the
cr

n

= the

standard deviation of the received power
mean value of the received power
number of uncorrelated samples.

While it is not possible to.assign particular values to the standard
deviation of the received power without knowledge of the atmospheric
conditions present at the time of the pollutant measurement, a worst
case value is cr

=~ .

Making the further assumption that the error in

the mean value of the received power should not exceed 0.5 percent,
one finds that approximately 8,900 pulses would have to be averaged.
the pollutant monitor were operating at the maximum pulse rate of
100 Hz,

the~

178 seconds would be required to complete a single dual

wavelength measurement.

While this number of pulses is larger than

might be desired, it is not prohibitively large.

Moreover, the

necessary number of pulses can be rapidly reduced by increasing the
size of the receiver collector over the minimum size required in the
absence of turbulence.

The reason is quite s.imple.

As the level of

the turbulence increases and the beam begins to spread out, various
portions of the beam will pass through spatially different and
uncorrelated turbulence patterns.

The result of the beam passing

If
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through uncorrelated turbulence paths is that the beam in the receiver
plane will consist of patches of light which are themselves
uncorrelated.

Each of the uncorrelated patches can in turn be thought

of as a separate pulse.

A rigorous calculation is not required to

appreciate the importance of this result, since the largest diameter
I

patch of correlated light which can exist in the· receiver plane is
one which has not been perturbed by the atmosphere.

For example,

the use of a receiver which is three times the minimum size as
given by (2.9) would intercept at least seven uncorrelated patches
of light and thus allow a sevenfold reduction in the number of
pulses required.

In fact the reduction in the number of pulses

required is even greater, since as the level of turbulence
increases, the size of the correlated patches of light decreases.

23

Thus at least two methods of· reducing the effects of turbulence
appear possible, and which one· is adopted will depend upon the operating characteristics of the laser light source selected.

CHAPTER III
CHARACTERIZATION OF SPECTRAL REGIONS
In.this chapter the optical spectrum will be broken up into a
number of spectral regions.

33

Each spectral region will be examined

in terms of the existence of pollutant absorption spectra and the
sttength of the absorption.

It will be particularly important to

identify those spectral regions which display absorption spectra of
pollutaqts for which federal emission limits have been established.·
Those pollutants and their concentration limits are shown in
Table 1.

32

Vacuum Ultraviolet:

10 - 200 nm

The term vacuum ultraviolet is derived from the practice of
evacuating laboratory spectrometers used in this spectral region, since
vacuum ultraviolet light is quickly absorbed by molecular oxygen.
Because of the strong absorption by oxygen, this spectral

r~gion

33
is

not useful for making long-path measurements.
Near Ultraviolet:

200 - 380 ntn

Absorption spectra in this spectral region originate from elec33 .
. transitions
. .
. 11 y very
tronic
in atoms an d mo 1ecu i" es an d are typica
strong.

While not all pollutant gases display absorption spectra in

this region, those pollutant molecules which possess permanent dipole
moments do.

34

For example, sulfur dioxide is an important pollutant

42

TABLE I
FEDERAL CONCENTRATION STANDARns 32
FOR FIVE IMPORTANT POLLUTANTS
Pollutant

Averaging
Time

Primary
Standard

Secondary
Standard

Photochemical
Oxidants.

1 hr

0.08 ppm

0.08 ppm

Carbon Monoxide

8 hr

9.0 ppm

9.0 pp1ll

1 hr

35.0 ppm

Annual Average

0.05 ppm

1 hr

0.25 ppm

Annual Average

0.03 ppm

24 hr

0.14 ppm

Nitrogen
Dioxide
Sulfur
Dioxide

3 hr

Hydrocarbons

0.05 ppm

0.5

1 hr

0.5 ppm

3 hr
(6-9 A.M.)

0.24 ppm

ppm

0.24 ppm
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primarily associated with fossil fuel fired electrical power generating
plants,

35

and displays a rapidly varying absorption spectra from rough-

ly 280 to 310 nm.

36

Like so , nitrogen dioxide also has a rapidly
2

varying absorption spectra with wavelength, with absorption from

~ 300 nm to beyond the long wavelength end of the near ultraviolet. 37
Ozone displays intense absorption below 300 nm,

39

but unfortunately

its spectrum is that of a smooth continuum, making multiple wavelength measurements unfeasible.
Visible:

380 - 780 nm

The visible region of the electromagnetic spectrum is a region
A

where very few gases absorb light.

In fact the only major pollutant
.:

exhibiting reasonably strong absorption in this spectral region is
nitrogen dioxide, and it has been measured over long paths using a
two wavelength argon ion laser.

39

Because of the virtual lack of ab-

sorption spectra in the visible, this spectral region has not been a
serious contender for use in pollutant monitoring.
Near Infrared: . 78 - 3. 0 .l!. ·
In general, most molecular gases exhibit absorption throughout
~he

infrared due to molecular vibrational-rotational tran•itions.

In

the near infrared, harmonics of molecular vibrational:..rotational transitions appear.
int~nse

These harmonics are several orders of magnitude less

than the fundamental transitions and are generally too weak to

be useful in

p~llutant

Middle Infrared:

detection. 16

3 - 30 µ

The middle infrared spectral region is known as the "fingerprint"

44
region, for in it most molecules have absorption spectra which differ
in shape, strength and spectral location.

16

~he absorption spectra,

while not as strong as those found in the ultraviolet, are in general
strong enough to enable one to make sensitive concentration measurements of a number of gases.

The middle infrared has an advantage over

the ultraviolet in that a number of pollutants which do not exhibit
usable absorption spectra in the ultraviolet, such as CO, possess such
spectra in the infrared.
As in the ultraviolet, portions of the middle infrared are unusable due to spectral interference from certain gases.

The inter-

ferences are due primarily to absorption from carbon dioxide and water
vapor.

In particular carbon dioxide absorbs from approximately 4.2,

microns to 4.5 microns, while water vapor has absorption bands between
2.5 and 3.3 microns, and 4.9 to 7.2 microns,

17

all of which are ex-

tremely strong, making it unlikely that'a laser beam within these
length regions could be propagated over any useful range.
number of important pollutants such as carbon monoxide,
and sulfur dioxide

41

40

w~ve-

However, a
ozone,

41

have absorption spectra which lie within spectral

reeions .not affected by blanket absorption.
Far Infrared:

30 - 300 µ

A number of molecules possess vibrational-rotational spectra in
the far infrared.

The region is rendered· unusable for absorption

•
•
•
16
measurements b y very intense
continuum
water vapor a b sorption.

··Microwave:

300 - 1,000,000 µ

Molecular rotational lines appear in the microwave region;

45

however, the absorption lines in the region suffer from extreme pressure broadening.

16

This broadening causes the absorption lines to

oyerlap to such an extent that they are unusable for making long.-path
measurements.
1uttttqarx of Spectral Regions
From the preceding discussions it is clear that of the six
spectral regions cited, only the ultraviolet and middle infrared
regions have absorption spectra which are generally suitable for making
f

long-path measurements.

It should be noted that problems exist in both

regions which will cause difficulty in making such measurements.
instance, both regions

suf~er

interference from scattering.

For·

Interfer-

ence due to spectral overlap may be a problem in the infrared, and will
almost certainly be encountered in the ultraviolet.

Which of the spec-

tral regions is selected will depend upon the availability of tunable
laser light sources within that spectral region, a topic to be covered
in the next chapter.

CHAPTER IV
EXAMINATION OF AVAILABLE TUNABLE LASER SOURCES
. '
As was noted in the introduction, it is highly desirable to use
a laseT light source when making long-path absorption measurements.
The characteristics of a laser which make them ideally suited for use
as a light source are:
1.

highly collimated light beam

2.

intense beam

3.

highly monochromatic light and does not require dispersive elements in the receiver.

Perhaps the primary problem which has limited the application of

lase~s

to long-path monitoring is the need to match a laser's emission wavelength to the wavelength of a pollutant's absorption line.

Despite the

large number of pollutant absorption lines and laser wavelengths available for such matches, only a few coincidences have been found.

In

fact, for the important pollutant sulfur dioxide, no useful coincidence had been shown to exist at the initiation of this study.

What

is desired then is a laser device which could be tuned to match a particular pollutant's absorption line.

The additional need to use multi-

ple wavelengths as a means of discriminating against the various forms
of interference makes it almost imperative that some type of tunable
source that can emit light both on and off resonance with the absorbing
gas be used.

Fortunately, a few such tunable laser devices do exist,

·~
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both for use in the infrared and ultraviolet.

In the infrared the

relevant devices or processes are:
1.

High pressure gas lasers

2.

Junction type semiconductor lasers

3.

Spin-flip raman lasers

4.

Parametric oscillator

5.

Difference frequency generation

In the ultraviolet three devices/techniques are available for the
pfoduction· of tunable light.

They are:

l;

Dye lasers

2.

Excimer lasers

3.

Frequency doubiing of a tunable visible dye laser

In the next section, these various tunable sources will be discussed
in terms of their applicability to pollutant monitoring.
Infrared Devices
High Pressure.Gas Lasers.
lasers

42

Continuously tunable molecular gas

rely upon the ability to pressure broaden the closely spaced

vibrational gain lines of the laser medium to the extent that they
overlap.

As an example, consider pressure broadening the emission

lines of the carbon dioxide laser.

co2

has a large nµmber of laser

lines spaced roughly 20 nm apart and centered around 10.6 µ.
By raising the pressure of the gas in the
10 atmospheres,

44

co 2

43

laser to roughly

it is possible to pressure broaden the

co2

emission

lines to such an extent that the laser can be continuously tuned over
the entire emission spectrum which extends roughly from 9 to 11 µ.
Unfortunately this pressure is many times higher than typical

43
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operating pressures found in continuous and pulsed

co 2 lasers. Laser

operation at pressures greater than a few atmospheres can be achieved
but not without considerable difficulty because. of problems in obtain-

tn

ing the uniform electrical discharge necessary for laser pumping.

fact the widespread future use of high pressure gas lasers is predicated upon the development of simple, efficient, and inexpensive methods of excitation.

Recent progress in the area of waveguide lasers

looks promising; however, an acceptable method of excitation has

95

ye~

to be fully developed.
Junction Type Semiconductor Lasers.
lasers,

46

Junction type semiconductor

or diode lasers as they are normally termed, emit light when

an exited atom in the junction region of a semiconductor changes
the

e~cited

donor state to the unexcited, or acceptor level.

f~om

The

energy and therefore the wavelength of the emitted photon is dependent
upon the width of the bandgap and, since the width of the bandgap is
largely dependent upon the composition of the diode, it is possible in
theory to produce diode lasers which operate at virtually any wavelength by varying the composition of the semiconductor materials.

In

fact, lasing' has been observed from such devices over a wavelength
region extending from 630 nanometers to 31 microns.

46

The light pro-

duced by these devices is highly divergent due to the. small cros.s
sectional area of the active region and must be collimated by a lens.
Since the junction region is physically much wider than it is high,
the emergent light has two distinctly different angles of divergence.
Thus collimation cannot be satisfactorily achieved with normal spherical
optics.

In addition many of these laser devices require refrigerat~on

49
to liquid nitrogen temperatures and below.

Another problem associated

with laser diodes is that unlike most other tunable laser sources
whose output wavelength. is primarily dependent upon some external tuning element such as a prism the output wavelength of diode lasers is
critically dependent upon conditions existing in the junction.· While
some of the junction conditions, such as temperature, pressure, and
magnetic field can be assets in that they can be used as tuning mechani.sms, others such as changing chemical composition due to aging, are
beyond the control of the user.
ity is a problem.

Achieving long term wavelength stabil-

However, none of the aforementioned problems are

insurmountable, as evidenced by the recent availability of a labora-

~pectrometer 48 using a tunable diode laser as a light source.

tory

The present cost of a diode laser capable of operating in the middle
infrared is several thousand dollars.

49

This cost could possibly be·

reduced to ten to one hundred dollars if mass produced; ten to one
hundred dollars is the present cost· of gallium arsenide diode lasers
. h operate at . 9 microns.
.
49
wh ic

Such a low cost would help off set the

cost of the wavelength control equipment.

At

th~

conception· of this

project, laser diodes in the middle infrared were not connnercially
available.
• 0 sci"11 ators.
Parametric

A parametric
• osci"11 ator
. SO is
• a d ev1ce
•

in which a pump photon at a wavelength
at·~

s

and an idler photon at

A is split into a signal photon
p

A.1 (A p <A'S <A.).
I

The splitting is sub-

ject to the conservation of energy relation:
1/)..

p

= l/A s +

ltA . .
1

(4 .1)
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and is accomplished in a nonlinear optical medium such as a noncentrosymmetric crystal.

A large number of materials have been examined as

possible candidates for parametric oscillatorsi and in fact one

crys~

51
.
. .
. b ate, was used 1n
. a commerc1a
. 11 y ava1·1 a bl e instrument.
ta 1 , 1 1th1um
nio

For the parametric oscillator process of splitting pump photon's into
longer wavelength signal and idler photons to be efficient, it is neeessary to focus the pump beam to intensities which approach the damage
threshold of the crystal.

os~illator

The necessity of operating the parametric

at pump powers which are near the damage threshold of the

crystal, places stringent requirements upon the repeatability of the
peak power output from the pump laser.

Such requil;-ements almost

certainly increase the cost of an already expensive pump laser.
cost of a parametric oscillator in 1973 was around $40,000,
which most

o~

the expense was in the Nd:YAG pump laser.

51

The

of

This high

cost probably removes the IR parametric oscillator from consideration
as a light source for routine, long-path pollutant monitoring.
should,

~owever,

It·

be noted that Byers has a laboratory parametric

oscillator which has been used to monitor pollutants in the San
Francisco Bay area.

The developmental cost of this

totype system was on the order of $400,000.
Spin-Flip Raman Laser.

labor~tory

pro-

52

A spin-flip raman laser 53 is a laser

, device which generates tunable infrared l.ight by frequency shifting
the output from a non-tunable pump laser.

The principle of operation

is quite simple, being very similar to conventional spontaneous
scattering.

ram~n

In spontaneous raman scattering, light which is incident

upon a raman material such as hydrogen gas is frequency shifted by

. 51

exciting a vibrational mode within the· molecule.

Excitation of the

vibration· of frequency "v by an incident pump photon of frequency VP,
reduces the energy of the pump photon by an amount hV •
v

The resultant

frequency shifted photon is called the Stokes photon and has a frequency V

s

.
b y: 54
given

\) ::::\)
s

p

-v

(4.2)

v

In a spin-flip raman laser the pump photons are scattered off electrons
in~ the raman material in such a way as to cause the magnetic dipole as-

sociated with the electrons to flip direction; the dipoles. are initialiy aligned by. an external magnetic field.

The energy required to flip

the dipoles comes from the incident pump photon.

The amount of energy

required can be varied by changing the magnitude of· the applied magnetic field.

The output frequency of the spin-flip raman laser is

.
b y: 59
given

V

s

= Vp

1

- -2~

g µB B

(4.3)

where:
g

=

µB

= the

bohr magneton

B

= the

value of the applied magnetic fiel4.

the electron g factor

Using a crystal of indium antimonide as t.he raman material, it has been
pos~ible to produce tunable radiation from 11.7 to 13 microns using a

carbon dioxide laser pump,
53
rnonoxi. d e 1aser pump.

53

and from 5 to 6 microns using a carbon

.
.
. f 1 ip
·
While
the theory o f operation
o f a sp1n-

raman laser is simple, the laser itself is quite cornplicated, 54 and

52-

will probahly not be suitable for use _in a long-path monitoring
instrument.

Summary of Tunable

I~frared

tunable laser light sources

exi~t

Laser Devices. While a number of
for the middle infraredt all were

considered either too expensive, or as in the case of

dt~de

lasera,

not readily or commercially available in the proper· spectral i;:e.gions at
the inception of this project.

Of the light sources discussed, only

di~de

lasers hold the possibility of being inexpensively produced

(l~ss

than $1000).

Tunable Ultraviolet Laser Light Sources
Ultraviolet Dye Lasers.

The dye laser

55

is a laser which uses

an active medium comprised of an organic dye dissolved in an organic
solvent such as methanol.

The dye molecules are

excited using either a flashlamp or another

typic~lly

lase~.

optically

Flashlamp pumped

dye lasers have the possibility of being inexpensive to construct and
operate; how~ver their direct use in the ultraviolet is precluded by
the unavailability of organic dyes which lase in the ultraviolet.

The

only dye connnercially produced to date which lases in the uv is
56
which emits between 340 and 360 nm. Thus pending the
p-ter;henyl,
development of new dyes for operation in the middle ultraviolet, the
direct use of a dye laser monitoring instrument is
Excimer Lasers.

precluded.

Laser action in the ultraviolet region of the

spectrum from unstable molecules such as ArF, KrF, and ·xeF, was first
observed in 1975. 57

While the possibility exists for tuning the out-

puts of these lasers by perhaps ~ 2.5 nm around the laser emission

53
line centers,

58

the necessity of maintaining a laser containing free

fiuorine gas probably precludes the use of these lasers fro~ serio~s

c~nsideration for use in a pollutant monitor.
Frequency-Doubled Tunable Visible Light Sources.
doubling

59

Frequency

refers to a nonlinear optica~ process much like.par~metric

oscillation.

In frequency rloubling, however, two pump photons are

combined in a nonlinear medium to form a single photon having

~~ice

the energy and therefore half the wavelength of the pump phot.ons.

The

$
60 61
use of recently developed crystals '
has extended the range of
frequency doubling such that it is now possible to produce tunable
light at any wavelength from roughly 200 nanometers out to the visible.
Moreover, a wide variety of dyes spanning the visible region of the
spectrum as well as a variety of pump sources for the dyes exist.
Fo~

example, .to measure

tral region,

36

so 2

which absorbs in the 280 to 310 nm spec-

one desires a visible source in the 560 to 620 nm region

which can be frequency doubled.
dye r.hodamine 6G,
dyes available.

62

This region is covered by the organic

one of the most efficient and widely used laser

It has been pumped by frequency-doubled Nd:YAG

.
1asers, 64 pu 1 se d and continuous
.
.
1.asers, 6 5. ' 6 6
1asers, 6 3 nitrogen
ion
67
as well as flashlamps.
Nd:YAG pumping can be ruled out on the basis
of price, since the cost of a frequency-doubled Nd:YAG laser can easily
exceed $ 20,000. 4Q

CW dye lasers must

al~o

•
be ruled out on the b as1s

o{ ~ost since the ion pump lasers alone have typical price tags in ex-

cess of $10,000.

49

Besides, frequency doubling a cw dye laser is dif-

ficult due to the lack of high optical power.
Nitrogen Laser Pumped Dye Lasers.

Nitrogen lasers typically

1.
I

t
54
8

produce pulses of 1 mJ with a pulse length of 10- S .
~

sponds to a peak power of 10 5 W.

68

This corre-

Perhaps 10 perc~nt of this po~~r can

be converted to dye light in the 580 to 600 nm region corresponding to
a peak dye power of

10 percent

78

10~ w. 68 Of this 10~ W of dye light, between·l and

can be converted to second h4rmonic, thus giving a peak

output of 100 to 1000 W of frequency-doubled dye

l~ght. 68 This amount

of ultraviolet coutd be easily detected using a variety of photodet.ectot's.
A major problem with nitrogen laser pumped dye lasers is that
because of the high peak power of the pump pulse, the dye laser will
haye an extremely high

gain~

While this might appear to be an advan-

tage, it can easily become a problem since the laser will have a
. t h e superra d.1ant mo d e, 69 ignoring
.
.
strong ten d ency to operate in
at-

tempts to control both its spatial mode and spectral width.

One could

r~alistically expect to have difficulty getting the dye laser to _ope-

rate at wavelengths other than those centered about the dye's fluorescent maximum.

What would be desirable would be either two nitrogen

lasers, one with a low energy output, and a second one with a large
en,ergy output, or a single, high-powered nitrogen laser equipped with
a beam splitter to split the output into two beams of unequal· intensity.

70

The lower-powered of the two beams could be used to pump a

small low-gain, dye oscillator.

Because of the low gain of this dye

la\er, it would be possible to maintain tight control over both its
spatial mode and spectral bandwidth.
bu~

The output from this low-powered,_

spectrally and spatially well-behaved dye laser could then be

passed through a dye amplifier pumped by the· second high-powered

l.

\

!
•

l
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nitrogen laser beam.

While this is the desirable method, it adds un-

desirable complexity to the system.

Nonetheless, nitrogen pumped dye

lasers were considered as a possible light source.
Excimer Laser Pumped Dye Lasers. Excimer lasers

hav~

recently

been utilized to pump dyes, 71 but they were not available at
t h e .inception of this study.
lifetime~

Even if they had been, short laser

associated with using free, very highly reactive fluor-

ine or other rare gas-halogen mixtures would be a major disadvantage which would probably preclude their use.
Flashlamp-Pumped Dye Lasers.

Organic dye lasers can also be

pu~ped using a high intensity, short pulse flashlamp. 67 A typical
flashlamp-pumped system might use a xenon filled flashlamp with an
electrical input energy of from a few joules to several hundred
joules.

Typical electrical input energy to dye laser output energy

efficiencies are on the order of 0.1 percent.
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If we consider such

a system with an input of 20 J and a pulse length of 1 µS, one might
expect a dye laser output of 2 kW peak.
ficiency

A 1.0 percent doubling ef-

would result in. a UV output of 20 W peak, .an amount which is

significantly larger than the minimum power necessary for making a
long-path measurement.

One of the primary problems experienced with a

f lashlamp-pumped system is that of thermo-optic distortion in the d~e

medium due to the large amount of energy intercepted by the dye from

•

the flashlamp.
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The effect of introducing large amounts of energy

into the dye solution is nonuniform heating of dye which causes large
index of refraction variations across the dye cell; these in turn
cause the dye laser beam to break up spatially.

Such a beam will be
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difficult to focus to the high intensities necessary for efficient
fr~quency doubling.

Fortunately this problem can be partially allevi-

ated by using solvents such as water which have a smaller change in
refractive index with temperature, and therefore less of a tendency
to cause beam breakup than the customarily used solvents such as
methanol.
Choice of Optimum UV Laser
Two dye laser pumping systems are available which could produce
useful amounts of second harmonic while requiring only relatively low
costs.

Since the cost of construction is

~a

highly relevant parameter

in the selection of any dye laser for use in a pollution monitoring
system, the nitrogen and flashlamp-pumped dye lasers were examined in
terms of their material cost.

The estimated material cost of

build~ng

the various frequency-doubled dye laser systems is shown in Table II.
As can be seen from Table II, both of the proposed systems appeared to have roughly the same component costs.

The main cost in

either system will be labor, a cost which could easily amount to
$5,000 per laser.

It should also be

pointed out that the aforemen-

tioned estimates are the costs of the light source alonet and do not
reflect the additional cost of the detector and data handling electronics.

This cost could easily amount to an additional $10,000, thus

raising the total system cost to around $20,000.
While both the nitrogen laser pumped dye laser and the flashlamppumped dye laser appeared to have the same component costst the nitrogen laser pumped system was thought to have a number of
compared to a flashlamp-pumped dye laser.

disadvanta~es

The high voltage pulse

I

I

:·
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TABLE II
PROJECTED COMPONENT COSTS OF CONSTRUCTING
A FREQUENCY-DOUBLED DYE LASER
Nitrogen Laser Pumped:
Nitrogen Laser
Power Supply
Ca~acitors for Energy Storage
Miscellaneous

$2,000
250
500

Dye Laser
Dye Cell
Optics
Dye, Solvent and Pump

50
400

150

Frequency Doubler
Doubling Crystal
Optics

200
200

Total

$3,750

F)ashlamp-P,umEed:
Dye Laser
Power Supply
C&pacitor
Optics
Dye, Solvent and Pump
Miscellaneous
Flash lamps

$2,000
200
350
150
500
200

Frequency Doubler
Doubling Crystal
Optics

200
200
Total

$3,800
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circuitry necessary for the operation of the nitrogen laser was felt
to be significantly more difficult to construct than the electrical
driver for the flashlamp-pumped laser.

The nitrogen laser pumped dye

laser would be more difficult to control, both

and spectral-

spatia~ly

ly, than its lower gain, flashlamp-driven counterpart.

The. flashlamp-

pumped system on the other hand, appeared relatively straight forward
to construct.

The only problem foreseen, was that of thermo-optic

distortion of the dye medium by the flashlamp, a problem which was
believed could be overcome through the proper choice of dye solvent and
adequate coolant.

For this reason it.was decided to at·tempt the con-

struction of a frequency-doubled, flashlamp-pumped dye laser, for use
in monitoring sulfur dioxide gas in the near ultraviolet.

CHAPTER V
OVERVIEW OF PROPOSED LONG-PATH MONITOR
The long-path sulfur dioxide monitoring instrument which was envi~ioned

is shown in Figure 9, and was to use a microprocessor-con-

trolled frequency-doubled dye laser as a source of ultraviolet light
in!the 300 nm region.
as follows.

The operation of the complete system would be

The microprocessor would tune the dye laser and

frequ~n-

cy-doubler to a wavelength A1 corresponding to a minimum in the sulfur
dioxide absorption spectrum.

The position of the dye laser and fre-

quency-doubler tuning elements which corresponded to this particular
wavelength would be programmed into the microprocessor's memory.

Once

the tuning was completed, the microprocessor would give the command
causing the laser to fire.

A small ·fraction of the ultraviolet light

would be split from the out-going laser.beam and sent to a
d~tector.

The remainder of the beam

wou~d

refe~ence

proceed to the telescope

where the beam would be expanded to a diameter determined by the arguments in chapter II.

At the end of the long path, the beam could be

collected and detected, or as is shown in Figure

9, retro-reflected

back to the transmitting telescope where it would be separated by a
beam splitter from the out-going beam and' routed to the return pulse
detector.

If pulse averaging techniques were adopted to reduce the

errors due to atmospheric turbulence, the laser would be repeatedly
pulsed until the necessary number of pulses had been collected.
dye laser and frequency doubler would then be tuned to a second

The

1
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wavelength A. 2 c~rresponding to a maximum in the sulfur dioxide absorption·spectrum and the measurement process repeated .. The numper of
wavelength pairs sampled would depend upon the severity of the interference problems encountered,

The absorption spectrum of sulfur dio-

xide gas in the 300 nm region is shown in Figure lo,
see~,

and as can be

roughly 20 absorption lines exist which would be suitable for

use in making multiple wavelength measurements.
line

36

spac~ng

Moreover, the inter-

of roughly 2 run suggests that 5 absorption lines might

lie within the 20 nm lasing range of a dye such as rhodamine 6G.
deter~ine the·w~velength

interval between the peaks and

vall~ys

To
of a

particular abso!ption line, one must use high resolution absorption
spectra su.ch as shown in. Figure .11.
t~nths

6

As can be seen, 'only a few

of. a nanometer separate the peaks and valleys of a particular

absorption line..

As can· also be seen, to fully utilize. the interfer-

ence rejection potential

percent or less of the
stabil~ty

by such a narrow wavelength inter-

~he.dye·laser

val, the linewidth of

wavelength

p~ovided

should be on the order of 10

peak-to~valley wavelen~th

of the laser should ·be similarly tight.· It

should be noted that high resolution

absorption spectra were n6t

available at the time the· dye -laser was
fore

interval, and the

bei~g

constructed, and there-

it was not ·possible to•.·establish the nec.es~:;ary tolerances on the

laser's sp~ctral spread and wavelength stability.
A block diagram of fhe de~ecfion electronics is shown··in
Figure 12.

A fraction of the output pulse falls on

tector while the remainder of the
Th~

peak output from

~he

~ulse

t~e

reference de-

proceeds on to the tel.escape.

photodetector will be. detected and retained
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hy the peak sample and hold.module.

This step is necessary because

an'alog to digital converters, the next step in the detection process,

require on the order of 40 µs to convert an analog voltage
digital output,

74

l~vel

to a

and therefore cannot be directly tied to the photo-

detector whose output will only be a few microseconds long.

Digital

conversion is highly desirable because signals which are stored in
digital form are inherently insensitive to

pro~lems

which plague ana-

log storage devices such as storage capacitor leakage and finite am.
.
d ances.
p 1).1 f.ier input
impe

All four of the peak sample hold modules

and analog to digital converters are identical and it is not
to describe the other three.

ne~essary

The digital output from the A/D convert-

ers is stored by the microprocessor and, in the case of a tw6 wavelength measurement, when the digital values for I (A 1), I(A1), I (A2),
0
0
and I(A2) have been stored, the concentration can be calculated by the
microprocessor using (2.5).

This final value for the pollutant•s con-

centration can be visually displayed using a simple digital readout,
or stored on a permanent recording medium such as magnetic tape.

This

completes the description of the optics used to transmit and receive
the laser beam and the electronics necessary to detect the laser beam
and turn the information contained in the optical pulse heights into
an output indicative of the sulfur dioxide concentration ove'r the long
path.
The block diagram for the frequency-doubled flashlamp-pumped dye
laser which was to serve as the ultraviolet light. source for· the longpath sulfur dioxide monitor is shown in Figure 13.

The electrical

energy necessary to power the dye laser is produced by a high voltage

~

Fig. 13.
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D. C. power supply and is stored in a high voltage energy discharge
acitor.

The capacitor is usually one especially designed for dis-

e service, being capable of being rapidly discharged.

When the

capacitor is 'fully charged and a laser pulse is desired, the switch
connecting the energy storage capacitor to the dye laser fla·shlamp is
closed.

The switch must be capable of holding off potentials of many

thousands of volts, and when closed pass currents of several thousand
a~ps.

In practice it is typically in the form of a triggered spark

gap, although hydrogen thyratrons have also been used.
plied by the

~apacitor

Current sup-

flows through the gas in the flashlamp, heating

the gas to temperatures which can reach many thousands of degrees
Kelvin.

The flashlamp and a flowtube containing the dye are gener.ally

placed at the opposite foci of an elliptical cavity such that light
from the hot gas within the flashlamp is focussed by the reflective
elliptical surface onto the glass tube containing the laser dye.

That

portion of the flashlamp light which lies within the absorption spectrum of the dye excites the dye molecules which become de-excited by·
radiating light in the form of fluorescence.

If the flashlamp pulse

is strong and a large enough number of the dye molecules are excited,
lasing can occur.

The dye cell is placed between two mirrors forming

what is termed the laser resonator.
p~ss

through the dye cell and be

In order for· light to repeatedly

amplifi~d,

the two mirrors which form

the. resonator must be aligned such that their reflecting surfaces are
perpendicular to a common axis which passes through the dye medium.
The angular tolerance on the mirror alignnent is on the order of a
fraction of a milliradian, a number which points to the need for

l
!
j
~

i
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I

j
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mirror mounts whose angle can be precisely and smoothly adjusted.

The

dye laser.output wavelength can .be tuned by inserting a prism between

the totally reflecting mirror and the dye cell, in which case tuning
is accomplished.by rotating the totally reflecting mirror.

A second.

method is to replace the totally reflecting mirror with a diffraction
grating which is also tuned via rotation.

In the proposed pollution

monitor, the rotation of the tuning element was to be accomplished via
a stepping motor driven screw which would push against a lever arm
which would in turn rotate the tuning element as shown in Figure 14.
The precise amount of table rotation will depend upon the number of
voltage pulses fed into the stepping motor since the stepping motor
turns a precise amount for each applied pulse.
pulses

The number of voltage

necessary to tune the dye laser to a wavelength corresponding

to a pollutant absorption line is a quantity which can be stored in the
memory of a small and increasingly inexpensive minicomputer.

The same

minicomputer can be used to control the' firing of the laser an9 process the received data.

With the addition of a pump to circulate the

dye through the dye cell, the list of major components necessary to
produce pulses of tunable visible light is complete.
All that is required to convert visible light to ultraviolet
light, and therefore complete the Hght source for the pollutant monitor, is a frequency doubling crystal.

For the conversion to be effic-

ient, the intensity of the visible light should be on the order of
10 to 100 megawatts per square centimeter.

Since few lasers produce

pulses of such intensity directly, it is usually necessary to focus
the light into the frequency doubling crystal with a lens, and then
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recollimate it with a second lens after it has left the frequency
doubler.

As will be shown in a later chapter, the frequency doubling

crystal must be precisely oriented to a particular angle with respect
to the incoming beam if efficient second harmonic generation is to
occur, and it will be.necessary to change the angle each time a different wavelength is desired.

This adjustment can be performed by a

stepping motor driven rotary table similar to the one described previously for tuning the dye laser.
The non-laser portion of the pollutant monitor optics would
consist of a small telescope to expand the laser beam to the diameter
necessary for propagation over the desired path, and a remote retroreflector to return the transmitted beam to the telescope for collection.

The actual detection of the returned pulses 'could be accom-

plished either with a photomultiplier or a solid state photodiode. ·
From that point the problem is one of computing the pollutant concentration from the detector outputs.
In the next two chapters the dye laser and frequency doubler
will be more thoroughly analyzed and construction details given.

In

the last chapter the performance of the frequency-doubled flashlamppumped dye laser will be detailed.

CHAPTER VI
DESIGN AND CONSTRUCTION OF A FLASHLAMP-PUMPED DYE LASER
In this chapter the design and construction of the flashlamppumped dye laser will be detailed.

The first section is a descriptive

one and describes the energy transfer processes which take place within an excited dye molecule.

The purpose of the section is to demon-

strate the need for a short duration flashlamp pulse..

In the second

section an estimate of the pulse length which might be obtained from a
realistic flashlamp is made.

Section three describes the actual con-

struction of the flashlamp_ system and compares its operation with the
analytical results of the previous section.

The fourth section deals

with the optical cavity used to couple the light from the flashlamp
into the dye cell and also briefly describes the pump system used to
circulate the dye.

Section five describes the components of the laser

resonator and examines both analytically and experimentally the use of
a diffraction grating and a prism as tuning elements for the dye laser.
~ye

laser to more

~ill

be described.

In the final section a method for rapidly tuning the
than one wavelength within a single dye laser pulse

Energy Transfer Pathways in Excited State Dye Molecules
The organic dyes which are the active medium in the dye laser are
typically a multi-ring organic compound with substitutional groups
positioned about the perimeter of the basic compound.

Virtually all

of the dyes in use today originate from one of three basic chemical

.,
I
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compounds:

the coumarins, the xanthenes, and the oxazines.

75

The absorption and emission spectra of organic dyes are typical-

ly very broad functions of wavelength as opposed to the narrow absorption spectra obtained. from gases and solids (see Fig. 15).

The reason

is that unlike most solids and gases, organic dyes because of their
relatively complicated chemical structure, have a large number of
vibrational and rotational modes possible.

A typical dye molecule

with 50 atoms might possess 150 vibrational modes; with each mode contributing a small amount of energy
excited electron.

~E

v

on top of the energy due to the

In addition to the closely spaced vibrational

transitions, there are a large number of even more closely spaced rotational transitions between each vibratonal transition.

The result ·

is a virtual continuum of transitions producing a broad absorption and
emission line.

In a dye laser, dye molecules aue pumped to a highlying

singlet state from the ground state by absorbing a photon.of pump
light (see Fig. 16).

These excited state molecules rapidly lose

energy through radiationless transitions until they reach one of the
lower lying levels of the first excited singlet state.

Once· in· ·the

first excited singlet state, the dye molecule may return to the ground
state through one of two main routes.
fluorescence.

The preferred route is through

In the laser dye rhodamine 6G, 85 percent of the ex-

cited singlet state molecules can return to the ground state via the
fluorescence mechanism.
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The second non-emitting process by which

excited state molecules can return to the ground state is via a slow
two step process through the triplet state.

Transitions to the trip-

let state from the singlet state, and from the triplet state to the
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of rhodamine 6G laser dye. (Ref. 75.)
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ground state occur at a very slow rate since they are spin forbidden.
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Those dye molecules which do end up in the triplet state consitute a

severe optical loss mechanism in a dye laser, since the triplettriplet absorption spectrum overlaps the dye laser's output spectrum.
In pulsed dye lasers having pulse lengths longer than a few hundred
nanoseconds, the triplet state absorption losses can become so largP
as to actually cause the dye laser to cease lasing.

76

A number of

additives have been found to increase the triplet state to ground
state transition rate,

17 79
and thus allow long pulse c~so µs) ope~a-

tion of flashlamp-pumped dye lasers with a number of dyes spahning the
visible region of the spectrum.

However for one reason or·another,

triplet state quenching agents, other than the normally present amount
of.dissolved oxygen, are not widely used.
la~k

One possible reason 'for the

of use of one such additive, cyclooctatetraene (COT), may be

chemical instability.

In our laboratory an unopened bottle of COT was

found to have decomposed after less than one year even though it .was
not subjected to temperature extremes or high light levels.

The usual

practice for reducing triplet state effects is to use as short an optical excitation pulse as is practical, a practice which was followed in
designing the flashlamp system for our dye laser.

Early analytical

studies of the effect of flashlamp pulse duration on dye laser operation indicate that triplet state losses

~an

prevent lasing if the

flashlamp pulse is not intense enough to promote lasing within the
first microsecond after the initiation of the flashlamp pulse. 77
Moreover, since triplet state losses will continue to accumulate
throughout the duration of the flashlamp pulse, thus degrading the
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dye laser's efficiency, a wise strategy is to employ as short a flashlamp pulse as possible.

In the next section an estimate of the ex-

pected flashlamp pulse length will be made.
Analysis and Design of Flashlamp System
Because of the required short duration of the pumping pulse

i~

is important to calculate the pulse length which might come from a
realistic flashlamp pumping system.
Figure 17.

Such a system is shown in

In this system electrical energy is stored by charging a

low inductance energy discharge capacitor to a high voltage, typically
10 to 40 kV.

The charging resistor prevents the high voltage supply

from. providing enough current to hold the lamp and sparkgap in conduction once triggered.

Once.the capacitor is fully charged, it is

connected to the flashlamp using a triggered sparkgap.

The flashlamp

goes from a non-conducting state to conducting state almost instantly,
since the applied voltage of 10 kilovolts or more is much higher than
the self-breakdown voltage of a flashlamp filled with a noble gas

(~

500 V/inch).
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The high current which flows during the discharge

creates an extremely hot plasma inside the flashlamp.

The plasma emits

light in a spectral distribution which can be closely. approximated by
a

blackbody.~ 1

Because of the relatively high temper.ature found in

high current density plasmas, the resultant emission is peaked in the
near ultraviolet and visible spectral regions where the absorption
bands of laser dyes appear.
capacitor (~ 1. 5 x 10leads

(~ 10-

12

8

F),

If one neglects the inductance of the

H) 82 and the capacitance of the U.a.shlamp

83

then one can use the greatly simplified

1

I
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equivalent circuit shown in Figure 18 to

c~lculate

the flashlamp pulse

length.
The inductance of the leads can be approximated by assuming the
circuit to be a two wire transmission line.

. given
.
.
1y b y: 83
is
approximate

wire transmission line of length i

L

'V

µo.
7f
in

The inductance of a two

(d)
a i

(6.1)

where:

a

= permittivity of free
= the wire spacing
= the wire radius

i

= the

µ

d

0

space

length of the transmission line.

Using realistic values of 2.5 cm for d, 0.25 cm for a, and a length of
t
84
15 cm,
we arrive at a value of 0.14 µH for the estimated circuit in~

4

ductance.

This value of the inductance is much larger than that as-

sociated with the capacitor and can probably be safely used as a first
order estimate for the total circuit inductance.
The value of the energy storage capacitor in the circuit was determined from energy storage considerations.

The energy stored by a

.
. given
.
b y: 7
capacitor
is

E

= .!.2 cv 2

E

= the

C

=

V

= the

where
energy stored in the capacitor

the capacitance of the capacitor
voltage across the capacitor.

It was felt that the energy storage capacitor should have the

(6.2)

I
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Fig. 18. Simplified flashlamp pumping system showing only those
components and parameters used in estimating the flashlamp pulse
length.
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capability of delivering 100 Joules of electrical energy to the flashlamp.

It was also felt that 20,000 volts represented an upper bound

on our high voltage capability, since beyond this voltage the problems
of corona and breakdown rapidly increase making construction more
difficult.

Inserting these values of E and V into (6.2), one arrives

at the required value of capacitance of 0.5

')JF.

The quantities necessary for the calculation of the excitation
pulse duration have now been determined, except for the resistance in
th~

circuit.

The resistance associated with the flashlamp is a highly

variable function of the gas in the lamp, the lamp diameter, etc.
From experience, the resistance of a conducting flashlamp is such that
it will typically produce a slightly underdamped discharge,
length of which will be on the order of:

l'p : :

the pulse

7

(6.3)

1rli:C

Using our previously determined values for Land C, 0.14 µHand 0.5 µF
respectively in (6.3), one gets a pulse length of l'

p

~

0.83 µs.

This

calculated pulse length is in agreement with experimentally determined
pulse lengths from similar systems, and is less than one microsecond
long, which means that the triplet state losses should not become
extremely large.
It is also interesting to calculate the damping factor for the
discharge.

It is this factor which will indicate whether the LC

charge is underdamped, critically damped, or overdamped.

d~s-

A critically

damped pulse will deliver the greatest amount of energy to the flashlamp in the least amount of time.
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For short pulse flashlamps such

81

as used· in this laser, the damping factor is given by:
a

= 1.2
d.

i

[
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c2]1/4

(6.4)

2EL

where~.

and d are the flashlamp's length and diameter in consistent

units.

Evaluating (6.4) for a flashlamp length of 7.5 cm, a

di~m~ter

of 0.2 cm, and using the previous values for capacitance, ind~ctance,
and stored energy, we get a value for a of roughly 0.5.
than the value for a critically damped pulse (a=

This is less

0.8), 8 ~ and means .

that the current pulse from the capacitor will tend .to be underdamped.
The amount of underdamping is small, however, and the capacitor will
still be able to

deliv~r

90 percent of its energy to the lamp

the calculated pulselength of 0.83 microseconds.

wit~in

For flashlamp life-

time reasons which will be detailed in a later section, the lamp was
normally operated at energies much lower than the 100 J value used in
calculation, a factor which would yield a damping factor closer to the
ideal, critically damped value of 0.8.
Flashlamp Driver System
A flashlamp driver system very similar to the one just described
was constructed for use with the dye laser.

In this section a more

detailed description will be given of the high voltage power supply,
the energy storage capacitor, the triggered sparkgap and its associated trigger circuitry, and finally the flashlamp itself.
High Voltage Power Supply.

The high voltage power supply used

to charge the energy storage capacitor was specially constructed at
Portland State University, and a simplified schematic diagram is shown
in Figure 19.

Line voltage of 115 VAC was first applied to the input

115 VAC

•

. --•A

HIGH
VOLTAGE
OUTPUT
TRANSCONDUCTANCE
AMPLIFIER

CURRENT
LIMITING
RESISTOR

Fig. 19. Simplified schematic of the hig~ voltage power supply used to charge the energy
storage capacitor.
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windings of a 10 A RMS autotransformer.

The variable voltage output

from the autotransformer secondary was connected to the primary side
of a specially constructed high voltage step-up transformer forming
the basis for a variable high voltage power supply.

The step-up

transformer had a primary-to-secondary turns ratio of l:123 and used
paper and oil insulation.

The high voltage A.C. from the transformer

was rectified using bridge arrangement, each leg of 'Which bad forty,
800 V, 1 A silicon diodes in series.
both a 1

mn,

2

w resistor

Each diode was paralleled by

to insure that the high voltage would be '.

equally distributed across ·each of the diodes, and a .01 µF, 1000 V
ceramic disc capacitor to bypass any fast 'transients which might also
damage the diodes.

Two identical, large-face panel meters were used

to monitor the output volt~ge and output current from the power supply.

.

.

The meters had a full scale deflection sensitivity of 100 mA and could
be used for the current monitoring function directly.

For voltage

monitoring the meter would have consituted an unreasonably large drain
upon the supply.

This problem was overcome by using an operational

amplifier as a current amplifier to provi4e the necessary current
boost.

A 20kn, 40 W resistor was used as a current limiter in the

output high voltage lead.
Energy Storage Capacitor.
capacitance

bf .OS µF

voltage of 20 kV.

The energy storage capacitor had a

an~~ould store 100 ~ of energy at· its rated

It was

~urchased

from Condenser Products and had

an internal inductance of ·15 nH according
Triggered Spark Gap.

to its manufacturer.

The triggered sparkgap which was con-

structed is shown in Figure 20, and was designed to fit coaxially

1
TUNGSTEN TRIGGER
-ELECTRODE

84

GLASS CAPILLARY
-TUBING INSULATOR
THREADED BRASS ROD

BRASS NUT
ALUMINUM PLATE TO
BOLT SPARK GAP TO
END OF CAPACITOR

NYLON ELECTRODE
HOLDER

HEAVY METAL DISCHARGE
ELECTRODES

NUT

ROD

Fig. 20.

Diagram of spark gap used to fire laser.

85

inside the cylindrical capacitor, thus
circuit.

minimi~ing

the inductance of the

The main discharge electrodes were constructed of a tungsten

alloy called "heavy me.tal" supplied by Mallory Metals, Inc.

The tung-

sten alloy is a product of powder metallurgy technology and is composed
of 94 percent tungsten powder held together in 4 percent copper - 2
percent nickel "binder."

The end product is a material highly machin-

able while retaining the refractory properties of pure tungsten.

The

trigger electrode was thoriated tungsten wire which was insulated from
the main discharge electrode by passing it through the center of a
piece of 6 nnn O.D. capillary glass tubing.

Electrical connection to

the trigger wire was by means of a small solder lug which was silver
soldered to the trigger wire.

The holdoff of the gap could be adjus-

ted by varying the sparkgap's main electrode spacing.
proved to be one of the

mo~t

The sparkgap

reliable parts of the laser, requiring

no maintenance other than occasional cleaning.

The measured maximum

hold off voltage and minimum triggerable voltage as a function of
electrode spacing is shown in Figure 21.
The sparkgap was triggered into conduction by a high voltage
pulse applied between the trigger electrode and the main electrode
into which the trigger electrode coaxially fits.

The high voltage

trigger pulse was produced by discharging a 0.47 µF capacitor charged
to approximately 400 V, through the

prim~ry

of a step-up transformer

which was very similar to an automobile ignition transformer
(see Fig. 22).

While it is possible to use a standard automobile ig-

nition coil to trigger the sparkgap, the necessity of floating the
secondary side of the transformer forced the winding of a -special

(mm)
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+400 v

CHARGING RESISTOR

STEP UP TRANSFORMER
1:153
SILICON
CONTROLLED
RECTIFIER
600 V, 10 A

HIGH VOLTAGE
PULSE OUT

Fig. 22. Simplified schematic of the circuit used to trigger
the triggered spark gap.
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trigger transformer.

The trigger transformer was wound -0n a small

epoxy-glass bobbin which was .fabricated from printed circuit board.

The primary consisted of 10 turns of number 14 magnet wire while the
secondary consisted of 1530 turns of number 37 magnet wire, thus giving a step up ratio of 153 to l.

After numerous attempts to pot the

transformer in epoxy failed, it was finally decided to innnerse the
transformer in transformer oil.

While this solution to the insulation

problem is esthetically less pleasing than potting, it is virtually
foolproof.
obtained.

In this way,

~

50 kV trigger pulses for the sparkgap were

The timing pulses to trigger the sparkgap were provided by

an external pulse generator and the entire triggered sparkgap system
was capable of operating at pulse rates of several Hz.
Flashlamp Construction.

The first flashlamps to be used in the

dye laser had a 7.5 cm arc length and were constructed from 7 nnn O.D.
fused silica tube with 1 mmwa1ls (see Fig. 23).
machined from stainless steel rod.
low static pressure

(~

The electrodes were

The flashlamp was operated with a

5 Torr) air fill, and was evacuated through a

sidearm on the cathode end of the lamp.
Several problems were noted in using the evacuated flashlamps.
The first problem was the difficulty in sealing the electrodes to the
quartz tubing.

All attempts to epoxy the electrodes to the tubing

failed, a factor attributable to the

dif~erences

in thermal expansion

between the stainless electrodes and the fused silica lamp jacket.
When the electrodes were attached by wrapping a piece of tape around
the flashlamp-electrode interface, the tape ruptured after a few shots
due to the explosive high pressure shock wave generated during the

1
I
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l
I

STAINLESS STEEL ELECTRODES

7 mm OD, 1 mm WALL
FUSED SILICA TUBING

7.5 cm
ARC LENGTH

SIDE ARM FOR EVACUATION

Fig. 23.

Low pressure air filled flash lamp.
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discharge making it impossible to maintain a low pressure in the
arc region.

A second problem was that the stainless electrodes experienced
serious sputtering which would coat the inside of the quartz tube
with ablated material.

A number of different stainless steel

electrode geometries were tried in an effort to alleviate the
sputtering problem, however none of the designs proved successful.
A tnore successful design used brass electrodes fitted with heavy
metal tips on the discharge end.

The tungsten tips eliminated

much of the sputtering problem.

A second deposit problem which

was not alleviated by the tungsten electrodes was the buildup of
what was assumed to be reduced silicon around

th~

electrode.

The

silicon originates from the flashlamp wall, a small portion of which
is ablated away on each shot.

As will be noted later, this problem

proved to be the ultimate lifetime limitation.
The major problem with the evacuated air flashlamps was their
poor electrical to light conversion

efficiency.

Based on conversa-

tions with Neil Sandow of Chromatix and John Clark of the University
of California at Berkeley, it was decided to switch to a flashlamp
which used argon gas at one atmosphere instead of low

pr~ssure

air.

Argon, even at atmospheric pressure, can be easily made conducting
by the application of an electrical field pf approximately 500 V/in)SO
and r.eportedly emitted much more light than a lamp filled with air
at low pressure.
The modified flashlamp is shown in Fig 24.

The electrodes

for the argon filled lamps were attached to the quartz tubing through

I .

Fig. 24.

Argon filled flashlamp.

~ 7.5cm1
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a 3/8 inch Nyloseal tee connector.
troublesome epoxy seals.

This method eliminated the

In addition the side inlet in the tee

provided a convenient port for

introduct~on

and exhaust

o~

gas.

The

flashlamp was constructed from pieces of 9.5 mm OD fused silica
capillary tubing with 2 mm bore.

The electrodes were pieces of

.063 in. diameter, thoriated tungsten welding rod which were
silver soldered into .375 in. OD brass rod.

The tungsten rod

extended into the quartz tubing bore, leaving 3 inches of arc
length.

These argon filled flashlamps were capable of three hours

of continuous operation at 25 J input

~nd

1 Hz.

After roughly

10,000 shots, deposits of reduced silicon would block the narrow

annular gap between the tungsten electrode and the fused silica
tubing thus stopping the flow of fresh argon.

A distinctly visible

enlargement due to erosion of the bore by the hot plasma could
also be seen at this point.

Micrometer measurements indicated a

radial enlargement of roughly

.02~

inch.after - 10,000 shots.

While

visible damage other than the ablated wall could not be seen, it is
assumed that small cracks were developing in the flashlamp walls,
since the flashlamps were subject to explosive failure after - 18,000
shots with 25

J

input.

Despite the aforementioned problems, the argon flashlamps were
the most satisfactory in that they were capable of three to five
hours of operation at 1 Hz and 25 J and provided at least limited
operation at full bank energy (-75 J), whereas the earlier air-filled
lamps did not.

Moreover, they produced a significant (-20%) reduction

in the amount of energy necessary for the dye laser to reach threshhold,

l
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and the dye laser light-out to energy-in efficiency approached 0.1
percent, a value close to that achieved by dye lasers cited in the
It should be noted that any changes which can be made

literature.

which increase the efficiency of the dye laser will produce a drastic
increase in flashlamp lifetime for the same laser output energy, since
flashlamp lifetime N (in shots) is related to lamp input energy (in
Joules) by :8 7
N

=Gx~

a.s
(6,5)

where E is the single shot explosion energy (in Joules).
x
It was suggested that an additional increase in the efficiency
of the flashlamp could be achieved if the fill pressure of the lamp.
was reduced from roughly 1 atmosphere to 1/2 to 1/3 atmosphere.
were conducted to determine the validity of this suggestion.

Tests

Over

the pressure range of 0.1 atmosphere to.1 atmosphere, no increase in
efficiency was found.

For this reason the lamps were operated with

flowing argon gas at approximately 1 atmosphere.

Operation at higher

pressures was not attempted because pressurization would have required
extensive modification of the flashlamps.
Measurement of the flashlamp current was attempted both using
a current viewing resister placed in the flashlamp's ground return lead
and with a current loop placed near the
fail~d

fl~shlamp

leads.

Both methods

because the large amount of RF! generated by the spark gap

rendered the oscilloscope trace unusable.
The light emitted by the flashlamp was monitored using a United
Detector model PIN lOD silicon photodiode having better than 10 nS
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response, and' a Tektronix 7603 oscilloscope.

The lamp output is

shown in Fig. 25.

As can be seen, the flashlamp pulse length departs
..
considerably from the estimated 0.8 µs, suggesting that the inductance
was underestimated.
Having described the construction and operation of the flashlamp
pumping system, the next major section will deal with the design and
construction of the dye cell, the optical component which couples the
light from the flashlamp into the dye medium.
Design of a Dye Cell and Dye ·circulation System
In this section both the optical system needed to couple the light

from the flashlamp into the dye cell and the pumping system

~sed

to

circulate the dye solution through the dye cell will be described.
Dye Cell Design and Construction:

The flashlamp and dye cell

are optically coupled by placing them at opposite foci of an elliptical
cavity.

In this way light emitted by the flashlamp is focussed by the

elliptical surface onto the dye cell, as shown in Fig. 26.

The position

of the lamp and dye.cell within the elliptical cavity can be determined
from the equation of an ellipse.
given by:

The foci separation distance s is

88

s

= 2fi.'l

bz

(6.6)

where
a = the major axis radius
b

=

the minor axis radius

The minimum value of s is dictated by mechanical considerations since
the dye cell and the flashlamp cannot occupy the same space, and
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Flashlamp light output as a function of time.
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DYE CELL
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additional separation must be provided to allow for windows, seals, .
etc.

The length of the dye cell, and therefore of the elliptical
cavity, was chosen to be three inches.

This length was chosen on

the basis of what appeared to be in use by those publishing in the
literature.
tubing

~i th

As it was initially decided to use 7.5

mm OD fused silica

1 mm walls for both the dye cell and the flash lamp,

mechanical considerations suggested a minimum center to center spacing
of .490 in. be'tween the dye cell and the flashlamp.

It was also

decided an ellipse roughly two inches in diameter would constitute
a reasonable choice for the size of the ellipse.

The reason for

the choice of such a large ellipse was that the degree of ellipticity
would be small and thus provide more.uniform excitation of the dye
cel1.
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Moreover, since the degree of ellipticity is small, the

ellipse could be fabricated by deforming a two in. diameter circular
tube.
The dimensions of an ellipse formed by deforming a circular
tube can be determined as follows.

A =
c

The area of the circular tube is:

irr2

(6."7)

Conversely, the area of the ellipse is given by:
A

e

=

irab

(6.8)

Since slightly deforming the tube does not appreciably affect the
area of the -tube, the two areas must be roughly equal
A
c

~A

e

(6.9)

Hence:
b • r2

a

(6.10)

l
I
l
I
~

I
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I

I
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Substituting (6.10) into (6.6) one gets:

s • 2 [a2 - ?-. . J.

I

1/2

(6.11)

Solving for a,

.a •

6

[

2

8 +

( 64
64

+ r'+I~ 1/2]

1/2

(6.12)'

Using a two .in. diameter tube to produce an ellipse with foci spaced
.490 in. apart, the computed values for a and b are 1.015 and .985
inches respectively.

As can be seen, very little deformation of the

tube was necessary to produce an ellipse of the required dimensions.
The ellipse was formed from a circular brass tube which was turned
to an ID of 2.000 in. The circular tube was then deformed in a vice
until it had the proper dimensions, and brass plates with elliptical
holes to match the shape of the

~ow

elliptical tube were silver

soldered to the ellipse to prevent it from relaxing to its previous
circular shape and also to provide a surf ace perpendicular to the
ellipse to which additional mechanical components could be mounted.
The inside of the tube was polished first using very fine sandpaper,
and then cerium oxide.

The polished reflector was then given a

reflective coating of evaporated aluminum.
Initially the laser was tested without the benefit of any
coolant, however after a few seconds of operation at a PRF of 2 Hz,
the

~ulse-to-pulse

stability of the laser declined dramatically, and

the mean output power declined to a value roughly one quarter as large
as that which was seen at low PRF's (<.5 Hz).
The reason for the unstable operation and reduced output power

99·

can be attributed to thermo-optic distortion due to
dye solution.

he~ting

of the

This hypothesis was checked by passing the beam from a

helium neon laser through the

d~e

solution.

Without the flashlamp

operating, the transmitted helium neon beam was both spatially and
temporally stable.

When the flashlamp was started, however, the

helium neon beam expanded from its normal area of a few square
millimeters, to a spot of roughly one square centimeter in area when
viewed on a screen roughly one-half meter from the dye cell.
additiont the probe beam was no longer temporally
on a boiling appearance.

stabl~,

In

but took

For this reason, it was felt that it would

be necessary to cool the flashlamp if pulse-to-pulse stability was to
be achieved at repetition rates of one pulse per second or more.
· In addition·, while the evaporated aJ.uminum formed a highly
reflective coating, it corroded almost innnediately when cooling
water was introduced into the cavity.

In an attempt to solve the

corrosion problem, a 12 mm OD flow tube was. fitted over the flashlamp.
In this way cooling water could be forced around the flashlamp without
contacting the aluminized reflector surface.

This method of cooling,

however, was detrimental to the operation of the dye

~aser,

and the

output·energy from the laser was very erratic as compared to that
obtained when no coolant was used and the laser was operated at a
low PRF such that little thermo-optic

dis~ortion

took place.

It was

decided to reattempt to cool the laser by flooding the elliptical
cavity.

To eliminate the corrosion problems present with the aluminized

ellipse, the ellipse was repolished and plated with nickel.

The

nickel surface has a lower theoretical reflectivity than the alumini,zed

1
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one (64 percent for nickel as opposed to 92 percent for aluminum
at 546nm89 ), but its corrosion resistance is far superior.

While
•.

the nickel did not corrode, the laser still required a 1arge amount
of energy (

~

20 Joules) into the flash lamp to reach threshold.

Similar dye lasers,

su~h

as the one marketed by Chromatix, have a

threshold input energy of roughly 5 Joules.

Following conversations

with Dr. G. A. Massey of the Oregon Graduate Center, it was decided
that the fault might lie in the design of the elliptical reflector
itself.

The reason is that much of the flashlamp light is lost due

t6 scattering from the unpolished end plates.

Following his suggestion

a simple reflector was constructed by closely wrapping aluminum foil
around the flash lamp and dye eel L

The resultant reflector, ~hiie

not elliptical, does have a much larger length-to-width aspect tatio
thus reducing the loss to the ends of the dye cavity.

The resultant

combination of the aluminum foil reflector and argon filled flashlamp
yielded a dye laser which would threshold at 6 Joules untuned, which
is comparable to thresholds found in connnercial flashlamp pumped dye
lasers.

Moreover, the dye laser

ligh~

output energy to flashlamp

input energy approached 0.1 percent, a value close to that achieved
in similar dye lasers cited in the literature.
The dye laser output energy was measured using a calibrated
integrating silicon detector borrowed from the Oregon.Graduate

Cent~r.

A plot of the untuned dye laser output energy versus input electrical
energy to the flashlamp is shown in Fig. 27.
Dye Mixture and Its Circulation System: In a flashlamp pumped
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dye laser, much of the flashlamp light which is absorbed by the
dye solution is converted to heat, thus raising the temperature of

the dye solution.

The warmed dye will begin to cool by conduction

through the wall of the dye f lowtube creating a nonuniform temperature distribution within the dye flowtube.

The effect of the non-

uniform temperature distribution upon a laser beam passing through
the heated dye is the same as that of atmospheric turbulence except
that the magnitude of the beam distortion for a similar pathlength
will be orders of magnitude worse.

In fact, heated tanks of alco-

hol, a common· solvent for laser dyes, are currently used to model
the effects of atmospheric turbulence upon laser beam propagatiorl
since a tank of warm alcohol just a .few feet long can simulate an
atmospheric path many kilometers long.
re~raction

To minimize the index of'

gradients in the dye solution, pure alcohol is seldom

used in flashlamp pumped systems, but rather a mixture of alcoholand water.

It is easy to show that the change in the index of

refraction of a material

~n,

due to the absorption of an amount of

energy E is given by:

~n =(:~)~T
=

(6.13)

'E (dn)
cp
dT
p

(6.14)

where cp is the specific heat of the material and

p

is its density.

To evaluate the relative merit of using water as opposed to a typical
alcohol such ethanol consider the ratio of the
~n.
__
~I/

dn)
c A PA ( dT W •
•
P
dn
)
(

(11nJ cpW !>w (dTt

~n's:

(6.15)

l
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Taking as values for the constants: cpA • 2.4 J/gr/C, cpW

= 4.2

J/gr/c.

3 Pw = 1.0 gr/cm3, (dn)A• 4 x 10-4 , (dn)W = 1 x 10~4 • 92

PA= .8 gr/cm ,

dT

dT

it can be seen that for equal volumes of the two solvents, the
index shift of the water will be 8 times smaller than that of pure
alcohol.

The index shift of a solution of the two will be somewhere

in between the index shifts of the two pure solvents and inversely
proportional to the quantity of each liquid making up the solution.
The dye solution used in the dye laser was roughly 103:1 water:ethanol solution.

4

molar in a

The use of pure water is precluded by

the fact that the efficiency of rhodamine dyes in pure water is much
less than when alcohol is.present.
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While the use of water as a solvent does reduce the problem of
refractive

i~dex

gradients, the reduction is not generally sufficient

to allow laser operation at repetition ra~es of l.Hz without replacing
the dye between laser firings.

For this reason dye lasers usually

employ a pump to circulate dye from a reservoir through the dye laser
and back to the rese~voir.

To avoid the problems of dye contamination

by lubricants present in pumps which have rotary seals, most dye lasers
use pumps whose gears or impellers are separated from the motor by· a
thin non-magnetic material which usually forms one wall of the pump.
Rotary motion between the motor and the pump is coupled through the
thin non-magnetic wall of the pump by a pair of magnets.

A magnetically

coupled gear pump was purchased from Micropump and was used to
circulate the dye.

The dye was normally circulated at a flow rate

of approximately one liter per minute.
Many papers in the literature indicate the use of filters
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between the pump and the dye cell to remove small air bubbles which
would cause a scattering loss for the dye laser.
fore constructed for use with the

~ye

laser.

A filter was there-

It was soon fou.nd to

be unnecessary since the maj~r source of bubbles was cavitation ~ithin
the dye cell.

The filter was therefore not used.

Design of the Laser Resonator
The resonator of any laser typically consists of two reflectors,
one which reflects virtually 1111 of the laser's ·light, and a second
which .is only partially reflecting and through which the output is
taken.

The optimum output

.~oupler

in

te~ms

of

getti~g

the maximum

power out of a laser can be showµ to be one whose transmission T is
.
b y: 90
given

(6. 16)

T•L+/g'L
where
L

= the

unavoidable per pass loss within the laser resonator

and includes such things as reflection losses from windows
g

= the

per pass gain of the laser.

· If the gain is small as it will be in a dye laser which is tuned to
either the long or short wavelength end of the dye's lasing range,
then the optimum output coupler is one whose transmission is equal
to ·the internal losses of the resonator.

The diffraction grating

. d ows on t h e
was assumed to have 15 percent 91 loss and . the two win

ends.of the dye cell were assumed to have reflection losses of 4
percent each.

The total cavity losses were therefore estimated

to be on the order of 23 percent.

This would. indicate that the

1
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optimum output coupler would have a reflectivity of 77 percent.
. . .
f oun d in
. t h e l'1terature 92 ' 93 10
. d.1cate d
Output coup l er re fl ect1v1t1es

the

teflect~vities

of 65 percent were more commonly used.

It was

decided to trust the experience of others and an output coupler having
a reflectivity of 65 percertt was purchased.

It consisted of a

multilayer dielectric coating which was applied to a 1 inch diameter
by .250 inch thick fused silica substrate.

The reflecting

the mirror was concave with a 10 meter radius of curvature.

sur~ace

of

The

curved surface is necessary for stable operation of the laser.
In most lasers, tqe second mirror in a laser is just
mirror; however, to

e~ploit

t~at,

a

the wavelength tunaoility feature.of the

dye laser, some form of wavelength dispersive tuning element must
inserted into the dye laser cavity.

b~

TWo such elements, a diffraction

grating (Fig. 28) and flint glass prisms, (Fig. 29), were used in the
dye laser.
Dye Laser Operation Using a Diffraction Grating, as a Tuning Element:
The diffraction grating was an aluminum coated replica grating
with 1200 grooves per millimeter and blazed at 500 nm was purchased
from PTR Optics.
configu~atio~.

The grating was used in a first-order Littrow
In this mode, light which

angle 6 is reflected back on itself.

e = sin

-1[ ~1

s~rikes

the grating at an

The angle is given by: 91

(6.17)

2dj

where
A = the wavelength
d

= the

groove

spa~ing

of the grating

The theoretical linewidth of a diffraction limited dye laser
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DIFFRACTION
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f ·
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I
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I

~

•

Fig. 28. Dye laser tuning configuration using a Littrow mounted
diffraction grating.
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TOTALLY REFLECTING

DYE CELL

OUTPUT
MIRROR

Fig. 29. Dye laser configuration using two prisms as tuning
elements.

1

~08

I

using a grating as a dispersive element can be calculated from the
following considerations.

The angular resolution of any diffraction

limited optical element was found' by Lord Rayleigh to be:
88

7
(6.18)

=

where 68 is the angular resolution of the optical system, A is the
wavelength, and D is the diameter of the limiting aperature (the beam
waist diameter in the case of a laser beam).

For a Littrow mounted

diffraction grating the angular dependance of the first order diffra~
cted beam as a function of wavelength was given to be:

e

l[;\2dJ

= sin

(6.!1.7)

Differentiating (6.16) one gets:
60

1

1

= 2d

[ 1 _

Gl]l'2

6).

•

(6.19) .

On equating the two expressions for 68, (6.18) and (6.19) artd solving for the wavelength spread
AA

= 2.4!

Ad

r-G~2r

2

(6.20)

The diameter of a diffraction limited beam waist in a laser
cavity such as was actually used is given approximately by:

D ~ 2 ().t)l/2 [ ·
n

90

J

R2
1/4
t(2R - t)j

(6.21)

Using as parameters typical of those found in our dye laser:
a wavelength of 600 nm,. a cavity length of .5 m, and

a mirror

curvature of 10 m, then the beam diameter is approximately 1.1 nnn.
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Using this as the beam diameter in (6.20)
resolution 0£ the PTR grating to be

~A

on~

= .88

finds the theoretical

nm.

The actual grating

narrowed laser linewidth was measured using a hand held Fabry Perot
etalon having a 1 nm free spectral range,' and a finesse of 20, to
be on the order of 0.5 nm± 0.1 nm, a value which is in fair agreement

with what was e:scpected from the analysis.
When the laser is operated using a grating as a tuning element
and a polarized output is required for future beam use such as harmonic
generation, it is sometimes necessary to introduce a polarizing element
into the cavity.

Since the grating used displays little preference

with regard to polarization at rhodamine wavelengths, a stacked plate
polarizer was constructed to ensure that the laser output was linear'ly
polarized.

The polarize.r was made of two glass windows placed at

Brewster's angle suuh that a beam polarized vertically would experience
little loss, whereas the horizontally polarized beam would experience
94 ':
a loss per pass given by:
2n
Loss/pass= 1 .. - (.85)
(6.22)
where
n

= the

number of

p~ates

For a two plate polarizer, the horizontally polarized component of
the beam would experience a loss of 48% per pass.

The polarizer

was placed in the cavity between the dye cell and the output coupling
mirror and produced a beam which was almost completely vertically
polarized.
While the diffraction grating did produce a relatively narrow

l
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linewidth output, it was also inefficient in terms of reflecting
laser light which was incident upon it, and therefore represented
a substantial loss within the laser cavity.

The dye laser produced

very little output power and exhibited a very high threshold compared
to its untuned configuration when the grating was used.
and less lossy tuning method is the use of equilateral
they can supply the necessary line narrowing.

An alternate
prism~,

provided

In the next section, the

use of tuning prisms and their performance relative to that of the
diffraction grating will be described.
Dye Laser Operation Using Flint Prisms as Tuning Elements:
As in the case of the diffraction grating, it should be possible
to predict the linewidth of the prism tuned dye laser output by
following the same procedure as was used with the diffraction .. grating,
i.e. by computing the angular dispersion of the tuning element, in
this case the prism, and equating that to the diffraction angle of the
dye laser beam.

We will assume that the prism is used at minimum

deviation, as shown in Fig. 30.

When used at minimum deviation, the

angle $ formed by the entering beam and the entrance surface will be
the same as the respective angle $' formed by the emerging beam and
the emergent surface.

Moreover, the entering and exiting beams will

have to first order the same diameter.

The index of

refra~tion

of a prism used in this manner is given to be a function of the
of deviation

e

n
ang~e

and the prism apex angle a, as follo~s: 7
sin

1

2<0 +

a)
n •------

sin

a

2

(6.23)

.I
iI

lIT

L

1
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The parameter of interest in determining the resolution of the
prism, is the amount of angular dispersion per unit of wavelength,

since this quantity can be related to the diffraction limited
acceptance angle (equation (6.18)) just as it was in the case of·
the diffration grating.
_ 9'+ a
u = 2

Defining a new variable u to be
(6.24)

and through use of the chain rule, it is possible to solve for the
.
.
.
d0
angu 1ar d 1spers1on
o f the prism
dA :

d6
dA

dn.

=
where

-(6.25)

d6 du dn
=du dn dA.

- n2 sin2(~)]1/2

(6.26)

dA

:~ is recognized to be the spectral dispersion of the prism material.

The wavelength spread 6A for a dispersed spectra of angular width 6e is
then given by

6A. ==

But

~e

[1 - n2 sin2(~)]
a) dn
· 2 sin (2 dA.

1/ 2
.16

(6.~8)

for .a diffraction limited beam was given by (6.18):
60 = 1.22 A.
D

(6.18)

Inserting (6.18) into (6.27) we get an expression for ehe wavelength
spread of a diffraction limited beam of diameter D, which can be
expected from a laser using an intracavity prism as a tuning element.
That expression is:

l
l
~
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AA = .61 A [ 1 - n

D sin

2

sin 2 (I~

112

(6.28)

(2a) dndA.

The prisms used in our dye laser were equilateral spectroscope prisms
constructed from SF-2 glass.

The index of refraction and dispersion

.
. 95
. g 1 ass in
. t h e spectra 1 region
.
o f interest
1s:
f or t h 1s
n

= 1.6490

dn
-5
-1
dA = 8.35 x 10
nm .
Substituting these values into the wavelength spread equation (6.28)
together with the appropriate dye laser parameters; A
D

= 1.1

= 600

nm, artd ·

mm, we get as an expected wavelength spread of 4.s·nm.

Two of the equilateral tuning prisms were available, and since.
I

the dye laser linewidth should be inversely proportional ·to the number
of prisms used, both were used.

The linewidth was again measured using

the small, hand held Fabry Perot etalon described in the previous
section, and was again found to be on the order of 0.5 nm. This is much
narrower than the analysis would have predicted.
Using the prisms as tuning elements, the dye laser operated
in a much more stable fashion (legs pulse-to-pulse power fluctuations,
lower threshold, etc.) than with the diffraction grating in the
cavity.

For this reason, it was decided to use the tuning prisms as

the line-narrowing elements instead of the grating.
When tuning prisms are used, it is

u~ually

not necessary to

provide an additional polarizer, since the prisms only display low
loss for the polarization component of the light beam lying in the
plane of the paper in Fig. 30, the P component.
Some attempt °"as made. to increase the line narrowing capacity ·
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of the .tuning elements by increasing the diameter ·of the beam through
the introduction of a

x 10 intracavity telescope.

However, due to'

the lack 0£ low-loss anti-reflection coated lenses of diff.raction
limited quality; the output energy of the dye laser droppe·d.

Had

high quality lenses been available, the linewidth could.likely have
been reduced by a factor of perhaps ten.

Such a decrease in laser

linewidth would increase the efficiency of the frequency doublihg
pro:ess as will be discussed in Chapter VII.
Methods for Producing Simultaneous or Near Simultaneous

Outputs·~At

Two Wavelengths
In Chapter II it. was suggested that one method for reducing
the problems of atmospheric turbulence in making a dual

~avelength

measurement would be to perform the two measurements within approximately 16 microseconds of each other, so as to "freeze" the turbulence.
In this section two possible schemes will be discussed.
The first scheme (Fig. 31) involves using two diffraction gratings
together with a polarizer to form two independently tunable dye laser
. .
.
.
cavities,
wh.ic h s h are a common
active
me d.ium. 96

This method has been

tested in the. laboratory, and has one real problem.

When the two

wavelengths are tuned close to one another, the dye laser will preferen-·
tially lase at the wavelength for which the gain/loss ratio is highest.
Since the gain curve for a dye is a convex function, it is necessary
to tune the losses of the two branches until the gain/loss ratios are
the same.

If the dye laser is: to be tuned to a number of different

pairs of wavelengths, then the loss will have to be adjusted for each

1
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TUNING GRATING 1

/i
OUTPUT MIRROR
DYE CELL

TUNING'
GRATING 2

POLARIZER

Fig. 31. Dye laser tuning method capable of producing
outputs at two different wavelengths.

simultan~ous

-.
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wavelength pair.

While it would be useful to have a laser which

would simultaneously emit two wavelengths, the necessary additional
complexity of having to have a controlled, variable loss inside the
laser cavity more than outweighs the benefits accrued.
Since it is only

nec~ssary

to produce the two wavelengths within

a period of 16 microseconds of each other, one could think about
physically rotating the tuning grating by an amount necessary to tune
the dye laser to the second wavelength in the wavelength pair.

As

anyone who has attempted to construct a device to rotate a physical
object such as a diffraction grating by a very small but precise
amount in a very short period of time will testify, such a task is

A ~ore elegant method of accomplishing the same end is to

difficult.

rotate the beam relative to the grating rather than the grating
(see Fig. 32).

While a wide variety of beam deflection methods exist,

only one example need be given to demonstrate the attractiveness of
this scheme.
For a diffraction grating,

t~e.required

deflection angle 0,

necessary to tune between two wavelengths separated by
shown to be: 91
A0 •

~A

can be

2 AA
(4d2 - A 2)1/2
B

(6.29)

where
d

= the

AB• the

groove spacing of the grating
blaze.!~velength

of

t~e

grating

Also, for an electro-optic beam deflector of the type described
97
by Beasely,
and shown in Fig. 33, the deflection angle is given

1
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Fig. 32. Dye laser tuning scheme utilizing a fast beam deflector
to tune the laser from one wavelength to another closely spaced
wavelength.
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Fi$. 33. A crystalline electro-~pti~ beam deflector, showing triangular shaped electrodes.
Plus and minus signs indicate relative polarity of electrodes.
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by:
R.n 3rv

l'.16 =

2Dx

(6.30)

where:
i

=

the length of the deflector crystal

n

=

the index of

r

= the

appropriate electro-optic coefficient

V

= the

applied voltage

D

= the

beam diameter

x

= the

crystal thickness

r~fraction

of the deflector material

Equating (6.29) and (6.30) and solving for the necessary applied
voltage, the

resultin~

expression for the necessary applied yoltage

is:

v=

4Dx
(4d2 _ A 2)1/2

B

R.n 3r

6A

(6.31)

Assuming as reasonable values for the parameters:
D=x= 2.nun, d
r ~ 2 x 10

11

= 8.33

x 10

-7

m, AB= 5 x 10

-7

m, i

=S

cm, n

3

~

3.5,

m/V (a value typical for two electro-optic materials,

ADP and KD*P),

96

and a tuning range of 1 nm such as tuning between

an so 2 peak and valley, we would have to apply a' voltage of
approximately 2900 volts.

This could easily be done using a pair

of high voltage transisters such as Sylvania's ECG - 164.
· In summary, ·there appears to be at least one reasonable
method of rapidly. tuning a dye laser between two different wavelengths
within a time short enough to freeze the turbulence.

l

CHAPTER VII

DESIGN AND CONSTRUCTION OF A DYE LASER FREQUENCY DOUBtER
In the preceding chapter, the design and construction of a
flashlamP-pumped dye laser was described.

Once the dye laser was

constructed, it was necessary to shift the dye laser output into
the ultraviolet region.
As

ducing

has been mentioned in earlier sections, the method of proultraviolet light from visible light is through a process

known as frequency douhling.

59

In this process visible l.ight from

a 1aser is incident. on a crystalline material.

If the response of the crystal's electrons to the incident field
is

linear, then the electrons will have no influence upon the frequency

of the light beam passing through the crystal.

If the response. is

nonlinear, then the electrons will interact with the incident beam ·
of frequency w to a new, generated beam of frequency 2w.

The formalism

relating to this process is available in the literature, and will not
be reproduced here except to quote the final result relating the
second harmonic power P

2

p

2

=

to the first harmonic power P : 59

1

52.2 d2t2p 2 sin2(6k!)
1
2
n3

A2
2

A

(6~1)

2

(7 .p

'
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where:
d

= the

t

~

A2

= the second harmonic wavelength

n

= the

6k

=

nonlinear coefficient of the crystal

the length of the crystal

average index of refraction of the crystal

the phase mismatch
2n1

= 2TT( "flA

= the

-

n2)

I2

area of the beam

As can be seen, the second harmonic power scales with the square

of ~oth the fundamental power and the crystal length.

A severe restric-

tion upon the efficiency of the SHG process results from the sine function
6 1
whi~h has zeroes when 6
± ~ and is equal to 1/2 when ; = ± 1.3~2.

;i. =

If

6

~i is equal to O, then the value of the sine function is 1.0, and
um conversion efficiency occurs.

When ~k

= 0,

the process is

known as perfectly phase matched.
The remainder of this chapter will deal with the limitations
imposed upon the SHG process by the sine function.

The first topic

to Qe discussed will be methods of achieving phase matching.

Also

included in the first section is a brief discussion related to the
choice of a frequency ·doubling crystal.

This topic is included at

this point since the method of phase matching chosen will. depend upon
I

the particular crystal chosen.

The method of phase matching which will

be chosen is termed angle matching, and in the second section of the
r some of the considerations relevent to this particular phase
matching process will be discussed.

The third section of the chapter

..,
~
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will deal with the spectral

band~idth

limitation of the frequency

doubler, while the final section of the chapter will deal with the
experimental details of cutting and polishing an·annnonium.dihydrogen
phosphate (ADP) frequency·doubling crystal.
Methods of Phase Matching
As was stated in the preceding section, perfect phase matching
can only occur when the index of refraction of the crystal at the
second harmonic frequency is equal to the index of refraction at
fundamental frequency.

'
th~

The physical. significance of this relation is

that for the second harmonic wave to grow, it must travel at the
same phase velocity as the fundamental wave.

This can only be true.

if the index of refraction seen by the generated second harmonic is
the same index seen by the fundamental beam, a condition which cannot
oe met in most materials since the index of refraction of most optical
mediums increase· as one goes towards shorter wavelengths.

For

crystalline materials which lack inversion symmetry, the index of
refraction seen by a light beam will depend both upon the direction
of propagation through the crystal as well as the polarization of
the light beam relative to the crystalline axis.

Crystals such as the

one used in this investigation have two indices of refraction, one
termed ordinary, and the second termed extraordinary, and such crystals
are termed uniaxial.

To determine the index of refraction as seen

~y

an incident beam one needs to examine the projections of the incident
E field upon the crystalline axis (see Fig. 34) 59 •

An incident beam

whose electric vector lies in the x-y plane (e.g. E ) will see the
1
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Fig. 34. Crystalline axis showing the indices seen by various
incident electric fields. The crystal is taken to be uniaxial.
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crystal's ordinary index of refraction n .
0

Beams which are incident:

upon the crystal with their electric vectors perpendicular to the
x-y plane and therefore parallel to the crystal's z a~is (e.g. E2 )
will see the crystal's extraordinary index n .

The dispersion
98
relations for a typical uniaxial crystal plotted in tig. 35.
e

As

can be seen, it is conceivable that one could achieve phase matching
by orienting the pump beam polarization in such a way that it sees
the crystal's ordinary index, whereas the second harmonic sees the
extraordinary index.
If the fundamental beam is propagated in the x-y plane and
has its polarization parallel to the x-y plane, and the second
harmonic has its polarization parallel to the z axis, then the SHG
process is known as 90° phase matched.

For any particular crystal

and temperature, the shortest fundamental wavelength which can be
perfectly phase matched is one which is 90° phase matched.

As an

example, the 90° phase matching wavelength for the crystal ADP at
room temperature is 524 nm. 99

It is possible to increase the phase

matched wavelength in most crystals by increasing their temperature,
since the effect of increasing the crystal temperature is to move the
extraordinary index curve closer to the ordinary

• d ex curve. 100
in

Th e

maximum temperature for crystals such as ADP is limited by thermal.
decomposition of the crystal, and raising the temperature of ADP to
~ 110 C (the approximate maximum temperature for this crystal) rais~s

the 90° phase matching wavelength to 544.5 nm.
the crystal to its curie point
of wavelengths as short as

(~120

~.500

nm.

Conversely, cooling

C) will allow phase matching

l
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Index of refraction as a function of wavelength for ADP.
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In many cases it is desirable to phase match fundamental
wavelengths which are longer than the long wavelength cutoff

dictated by the crystal's decomposition

te~perature.

Since the

effect of increasing the temperature of a crystal such as ADP is
to shift the extraordinary index curve ·closer to the ordinarr
index curve, it seems reasonable that if some other mechanism
tan be found which will also shift the extraordinary index,' then
that too might be a phase matching mechanism and longer wavelengths
might be phase matched.

A second method of phase matching can

be found by changing the angle of propagation through the crystal.
As was stated earlier, a light beam polarized parallel to the x-y
plane will see the crystal's ordinary index, whereas a beam polarized
perpendicular to the x-y plane will see the crystal's extraordinary
index.

A beam which is propagated between the x-y plane and the

z axis (e.g. E , Fig. 34), sees an,index iritermediate·between
3
the crystal's ordinary and extraordinary index.

If one plots the

index of refraction as a function of angle from the z axis, the figure
plotted will be an ellipse with a major axis radius n , and a minor
0

axis radius n •
e

Using the equation for an ellipse, the index of

refraction as a function of angle is found to be given by: 59
1

= cos 2 (e) + sin 2 (9)

n(e) 2
~qua~:.trin (7.

n 2
o

(7. 2)

n·2

e

2) can be rewritten aa:
n n

n(e)

=

o e

(n 2 cos 2 (e)
e

+ n o 2 sin 2 (e))

i/2

(7.3)

1
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Solving for sin2 (e) as a function of n(0), n o , and n e , and
recalling the phase matching condition, n 1

= n2 ,

one can det~r-

mine the phase matching angle for a given crystal and wavelength
to be:
1

1

11/2

~-~

em=

Ol

sin-1

02

(7.4)

_L_ ... _1_
n 2
n 2
.e2

02

The phase matching angle versus wavelength for the crystal ADP is shown
in Fig·. '36.

Changing the angle of propagatio~ through a crystal permits

pttase matching to' be achieved only for fundamental wavelengths which,
are longer than the 90

0

.

phase matchable wavelength at the same

temperature.
Choice of Crystal
For any particular fundamental frequency there is generally more
than one crystal which may be used to generate the second harmonic.
For example, it is possible to frequency double.the light from a
Rhodamine 6G dye laser in temperature-tuned ammonium dihydrogen
arsenate (ADA) and in angle-tuned anunonium dihydrogen phosphate (ADP)
and potassium dihydrogen phosphate (KDP).lOl

A number of tradeoffs

exist in determining which crystal ·should be used.
difficult to rapidly change the

te~perature

Since it is

of a crystal having a

volume of a few cubic centimeters, a temperature-tuned crystal must
be ruled out, since a multiple beam measurement will necessitate beirtg
able to rapidly tune to a number of different wavelengths.

Of the
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two angle tuned crystals, KDP is the best choice, since unlike ADP
•
• d"ices are insensitive
.
• .
. amb"1ent temperature. 100
its
in
to ch anges in

ADP was chosen for the initial experiments, however, for the sole
reason that at the beginning of the study it was available in large
pieces, a few inches on a side, at low cost (•v$40); whereas, a KDP
frequency doubling crystal would have cost approximately $200.

Tern-

perature considerations placed a small factor in the decision since
the first instrument was to be used in the laboratory where the
temperature is relatively constant.
Frequency Doubling Considerations
In this sect.ion two limitations

~pon

the frequency doubling

process which are peculiar to the angle-tuned method of achieving
phase matching will be considered.

The first question to be

addressed is that of the angular tolerance upon.the phase matching
process.

The second problem is termed walkoff; it will plac.e a limit

upon how tightly the input beam can be focussed.
Angle Tolerance on Phase Matching. Since phase matching was to
be accomplished by changing the angle of the doubling crystal, it is
wise to deterinine the sensitivity of the phase matching process to
small angular errors in the adjustment of the frequency doubler.
Returning once again to the phase matching condition for second harmanic generation, equation (7.1):

~k

= 2
..

1T(2n1
_ !!2..)
A1
·A2

and taking a small

v~riation

(7.5)

about em,. one gets:

-:
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L\k(e

But A2

= ~'

m

6A2

r2 (n1

+ M)

= ~'

= 2'JT

6n1

+ L\n1)
A1 + L\)q

l

= O, ~hich

n2 + L\n2]
-

A.2

(7.6)

+ /J.A.2

plus the fact that

k(e ) ==
m

o

when substituted into (7.8) gives:
-41T tm 2

=A

L\k(L\0)

1 + 6A1

-4ir 6n2
~
A1
~

(7. 7)

.

But:
dnz(9)
6nz = de

L\0

(7.8~

where n 2 is given by:
n2(8)

n

=
[ n/cos 2 (e)

02

n

ez

(7 .3)

+ n/sin2(e~ 1

1 2

Taking the required derivative, one gets:
6n2(6) = ne2no2(ne22 - no22) sin(20)
2fn 2 + (
2
·
/J.0
Lo2
ne2 - no22)cos2(e~

(7. 9)

The value of the quantity
sin2

~6~t)
(7.10)

(6~t)2
in (7.1) equals 1/2 when ~~i

=

± 1.392.

This corresponds to the half

width at half power points for the sine function.

The full width at
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half power is then given by:

6k£ = 2.784

(7.11)

2

or
6k

= 5.568

(7.12)

.t

Equating

(7 .12)

to (7 .10) yields an expression for the full angular

tolerance for phase matching of the doubling crystal.

601

=

• 8 8 6 i\ l rn 2
ro2

+ (n

e2

2 - n

02

2) cos 2 (

e~'\ ]

That relation is:
3/2

'

(7 .13)

~~~~~~~--~~~~~~~~

1

ne 2n 02 si:l(28}

For example, in the spectral region of interest around 600 run, and for
I

the crystal ADP, the following constants are applicable:
n

02

= 1.56395,

ne

2

= 1.51277,

and

e = 60.5°;

98

n

Cl

= 1.52402,

and using these values

in (7.13) one finds an angular tolerance of 0.005 milliradian-cm. !This
angular resolution can be provided by a rotary mechanism such as was
described in Chapter V if driven by a stepping motor which turns in.

0.18° steps

102

a standard 40 TPI micrometer which in turn pushes against

a 4 inch lever arm.

The angular resolution of such a rotary device

is 0.003 milliradians, which is sufficiently fine to allow one to
automatically tune the frequency-doubler..
Walkoff.

One of the problems which is encountered in angle tuned

frequency doublers is that the fundamental beam and the second harmonic
beam do not propagate in precisely the same direction within the
crystal (see Fig. 37).

The angle p formed between the fundamental

and second harmonic beams is given by: 59

l
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Fig. 37. Frequency doubling in an angle ·matched crystal illustrating walkoff between the fundamental and second harmonic beams.
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p

=

tan- [(::~)\an(emj -em

(7.14)

1

If the fundamental beam is focussed to a small spot to increase the
power density and thus increase the conversion efficiency, it is
possible that the fundamental and generated second harmonic beams will
walk off each other by the time they reach the end of the doubling
crystal.

Efficient frequency doubling, however, requires that the two

beams remain overlapped over the length of the crystal, and a significant amount of walkoff can reduce the overall efficiency of the
frequency conversion process.

Thus walkoff and the necessity of·

maintaining overlap between the two harmonic beams places a restriction
on how tightly one can focus.
Boyd and Kleinman
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analyzed the problem of second harmonic

generation in crystals with walkof f and derived the following
expression for the second harmonic power in the presence of walkoff:
P2

=

(128 ~ 2 w 2 d 2 P1 2 i) • .h /c4n2

(7 .15)

Equation (7.15) differs from (7.1) in that it is linear in crystal
length, and the beam area A is missing from the denominator.

The

missing length and area terms are concealed in a new, optimizable
parameter h.

While Boyd and Kleinman have determined exact values of

h for a variety of crystal lengths and walkoff angles, it is more
important to note that in the region of parameters encountered when
using angle-tuned crystals of the ADP family, h takes on a lili.:
dependence.

The net effect is a conversion efficiency expression

which scales with the square root of .the crystal length.

Thus for

maximum SHG conversion efficiency, it is still best to use as long a
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crystal as is practical, but the dependence of conversion efficiency
on crystal length is not as great as is indicated by equation (7.1)

which is for 90° phase matching.
The Boyd and Kleinman analysis also indicates the amount of
focussing of the pump beam into the crystal necessary to produce the
maximum conversion of first harmonic to second harmonic.

This

occurs when the confocal distance b of the focussed beam is approximately equal to the crystal length.

The confocal distance is given

by:27
b

=

= !l

'(7.16)

Under conditions of weak focussing, (2w/f!l)>->l, the focal length of the
lens necessary to focus a beam of initial size w to a focussed size
.
.
b 24
wo' is given y:
f !l

=

1T WW
0

(7.17)

A

Solving (7.16) for w in terms of crystal length and substituting into
0

(7.17) , the following expression for the optimum focal length lens
·s attained:

[

1

f!l

Jl/2

nt

= w ii

(7·.18)

This is the focal length of a lens which will produce the maximum
SHG efficiency in a crystal having walkoff.
As an example of the focal length which this expression predicts,
a rhodamine 6G dye

laser~

The _wavelength will be taken to be 600 nm, and from (6.21) the

out~ut

consider a beam such as might be emitted

beam diameter 2w is found to be 1.1 unn.

~y

The optimum focal length

lens for a 3.2 cm long crystal such as was actually used 'would be
160 nun.
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Spectral Acceptance of an Angle Matched Frequency Doubler
For any single crystal temperature and orientati'on, only a

small range of input frequencies can be efficiently

~requency

doubled.

The spectral acceptance of any particular crystal is determined by
the amount of phase mismatch since efficient harmonic generation can
take place only whe(~n~
6k

= 2ir - Al

2
- -

TI

ilk.Jl

: ~)
2 < n.

As before

(7 • 5)
A2
where the subscripts 1 and 2 refer to the first and second har-

Now assume a small perturbation LlAi;

monic quantities, respectively.
then

6k(6A.1)
but A2

= Ai/2,

=

4n(n1 + lm1)
(A.1 + 6A1)

and LlA2

6k(6A.1)

=

= ilA1/2;

(A 2

(7.19)

+ 6).2)

therefore

4 n ( n 1 + 6n 1)

(A1 + 6J.1)

!::::

2ir(n2 + 6n2)

41T [An1 - An2
J.1

-cl

27t(n 2

+ 6n 2 )
1U1)

+ 22

J

(7.20)

dno1

The changes in index of refraction are given by

~n1

=CV:--

6J.1,

dn2

and 6n2

=~

6J.2.

n 2 is given by equation (7.3).

~n

dn
n
--2.l_
1 ~ {~
J. 1 { dA.
2 dJ.
A

().k = 4ir

_ n 02· 2n e2
A3

(l-cos(e) } +

u

dne2 { no2 - no2ne2 2cos2 (8)}ll}6A
dA

A

A3

1

(7 .21)

!
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A is defined to be the quantity
A::

:

lrno2

2

+ (n

e2

2 -

n

02

.

2 )cos 2 (e~

j

l/

2

(7.22)

2 ~k~

•

tikR, 2

l

As before the value of the sine function sin (--)/(--2-)

I

when ~~£

I
l

I~

2

~k

= ±1.392,

= 5.568/£.

equals 1/2

and the full width at half power is given by

Equating this expression for

~k

to equation (7.21), and

l

l
~

using the parameter values for ADP of: 0 = 60.5°, Al= 600 nm, n 01
_
_
dno1 _
-5
1. 52402, n
- 1. 56395, n
- 1. 51277, - - - -. 513899 x 10 ,
02
e2

dno2

-----d.
~2

= -3.70341

x 10

-4

, and

=

d/.. 1

drt

e2

---~

= -3.25168

x 10

-4

.
, one finds a half

d/..2

power spectral tolerance per cm of crystal length of 0.16 nm-cm.
Frequency Doubler Fabrication
A crystal of ADP measU;ring

l\J

2 cm x 1 cm

:k.

3. 2 cm was cut f.rom

a large crystal of ADP supplied by EDO Western of Salt Lake City, Utah
using a wire saw.

The long direction of the crystal. was oriented "' .60

degrees from the optic axis in accordance with phase matching conditions.
The direction of the optic axis was determined by observing the Maltese
cross pattern through a pair of crossed polarizers.

The rough cut

crystal faces were polished first using a slurry of number 600 .silicon
carbide and ethylene glycol on glass followed by a final polishing
using a slurry of cerium oxide powder and ethylene glycol on a lap of
black sealing wax sold by Van Waters and Rogers.

The slurry was removed

from the polished surface of the crystal by carefully wiping with
facial tissue.

This final stage of polishing was accomplished usin

cerium oxide on a lap surface which was virtually dry to avoid fogging
of the crystal by any water which might have been present in the glycol.

-l
l

The polished crystal was then attached to a rotary table whose motion
could be controlled by the rotation of a micrometer screw.

In this

way the crystal could be rotated ·in a plane formed by the z ax~s· of
the crystal and a 45° angle between the x and y crystallographic
axis, thus tuning the frequency doubler.

CHAPTER VIII
PERFORMANCE OF THE FLASHLAMP-PUMPED FREQUENCY-DOUBLED DYE LASER
In this chapter the performance of the frequency-doubled
flashlam~pumped

dye laser described in the preceding chapters will

be sununarized, and the actual operational performance compared with
what was expected from theoretical consideration.
Dye Laser Operating Characteristics
The dye laser was finally operated in the configuration shown
in Fig. 38.

Using the one atmosphere argon-filled flashlamp, the

laser could be operated at an input energy of 25 J and a PRF of 1
Hz for a period of about 3 hours before the flashlamp would fail
explosively, terminating laser operation.

Flashlamp failure was

coincident with the buildup of silicon deposits around the electrodes
and the resultant stoppage of the flow of fresh argon.

The 25 J and

1 Hz combination of flashlamp input energy and pulse rate was used
for most subsequent measurements since 3 hours was roughly the amount
of time necessary to complete all of the

mea~urements

on the dye laser

and frequency doubler, and increasing either of the afore-mentioned
quantities reduced the total operating time of the laser
flashlamp failure.

b~fore

The flashlamp light pulse was longer than calc4lated

or desired but was short enough to allow broadband lasing to occur
with a slope efficiency of 0.2 percent, and an overall energy efficiency
of 0.1 percent at 40 J of input energy as can be deduced from Fig. 27.

l.

.I
~

.

Fig. 38.

nm

.......
\0

w

572-610 nm

Final operating configuration of flashlamp-pumped frequency-doubled dye 1aser.
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When two flint glass tuning prisms were inserted inside the
cavity, the laser efficiency dropped to 0.003 percent, a factor of

20 down from the untuned configuration at the same energy input level
of 25 J.

The reason for this drastic reduction in efficiency is

not clear.

Nevertheless, with an input of 25 J the prism-tuned dye

laser did put out nearly a millijoule of energy at 585 nm, the
wavelength of maximum output for rhodamine 6G when flashlamp pumped.
A tuning curve showing the dye laser's output energy as a function
of output wavelength is shown in Fig. 39, for a constant input
energy of 25 J and a PRF of 1 Hz.

The dye laser output wavelength

was measured using a Jarrell Ash 1/4 m monochrometer which was
accurate to ±0.5 nm.

The dye laser energy output was measured using!

a calibrated Hewlett Packard HP4203.PIN photodiode placed approximately
2 inches behind a ground fused silica diffuser.

The diffuser reduced

the power incident upon the detector and also made the detector less
sensitive to the incident beam's direction and position.
detector was used in the circuit shown in Fig. 40.

The

The photodiode

had been calibrated at the Oregon Graduate Center using a chopped
argon ion laser beam whose average output power was measured using a
Coherent Radiation Model 201 optical power meter.
the dye

~laser

The length of

output pulse was 2µS full width at half maximum as

measured using a United Detector PIN 10 D .silicon photodiode:
actual pulse shape is shown in Fig. 41.

the

The dye laser linewidth was

measured to be 0.5 ± 0.1 nm using a Fabry Perot etalon with a free
spectral range of 1 nm and a finesse of 10. A beam expanding. tele-·
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+
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Fig. 40. Integrating photodiode circuit used to measure dye laser
output energy.
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scope would· have reduced the linewidth by 10 had it been available.
Freguency Doubler Performance
The light from the dye laser was focussed into the anele tuned
ADP frequency doubler using a 185 mm focal length lens.

This lens

has a longer focal length than the· optimum of 160 mm·which was
calculated using (i.18); however, 185 mm represented the closest focal
length lens available at the time of the experiment.

The output

beams from the crystal were recollimated using a 125 mm focal lengtij
fused silica lens before being separated by a fused silica dispersing
prism.

The second harmonic energy' was measured using a Quantrad 100

UV-PV-RM PIN photodiode which had been calibrated at 266 nm and 355 .nm
using the third and fourth harmonics of a Nd:YAG laser.

The photodiode
!

circuit was the same as was used to measure the dye laser visible
energy (see Fig. 40).

The second harmonic energy as

wavelength is shown in Fig. 42.

~

function of

As can be seen, the efficiency of

the second harmonic generating process is on the order of 0.1 percent.
The reason for the low efficiency is probably due to the
of the dye laser

(~

l~rge

linewidth

0.5 nm) in comparison the rather narrow spectral

acceptance of the ADP

crystal.(~

0.04 nm).

To determine how well the experimental second harmonic results
agree with theory, let us return to (7.1) and assuming perfect phase
matching, then:

p

2

=

52.2 d212pl2
n3A 2 A

(7 .1)
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or for efficiency:

52.2 d 2 R. 2 P1

n=

(8 .1)

n 3 >i. 2 A

The peak fundamental power is given by:
_ dye laser energy
- laser pulse duration

p

At 590 nm, the dye laser put out

~

(8.2)

0.8 millijoules in a pulse which

was rooghly 2 µs long, thus yielding a peak power of P1

~

800 W.

The beam area can be calculated using the value of w0 found in

(7.17), and is given by:
A

= 7TW0 2
=

Ji.2(f.!l)2
1TW

(8.3)

2

0

-4 cm, fR. = 18.5 cm,
-4 cm2 . This is true
w = .055 cm, we get a beam area of A= 1.3 x 10
Using as values for the parameters: A = .59 x 10

only if the laser is operating in its lowest order transverse mode.
This was not the case; in fact, it was capable·of sustaining up to
third order modes as determined by the size of the limiting .aperature relative to the fundamental order beam size.

Since the effect

of increasing mode number is to increase the spot radius at the
focus by the factor 12M + 1 where M is the transverse mode order,
the actual beam area will be larger by a factor of 7 or A t
.
ac ua 1

-4

2

9.2 x 10

10-9 esu,

cm •
~

Using this area in (8.1) together with d

= 3.2 cm, P 1

= 80

W, n

= 1.51,

=

= 1.36

x

A = 5.9 x 10-5 cm, one

get.s an estimated efficiency of 2. 8 percent.
The measured output of the dye laser was 0.8 mJ at 590 nm,

1·1
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while the frequency doubled energy was 2.5 µJ.

If the assumption

is again made that only ten percent of the dye laser's output energy
.lies within the spectral acceptance of the frequency doubling crystal.
then the effective dye laser output energy is 80 µJ.

The effective

frequency doubler conversion efficiency is 3.1 percent which is
in good agreement with the calculated value of 2.8 percent.

CHAPTER IX
CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to determine the feasibility of
developing a low-cost, reliable monitoring system to measure the aver- ·
age concentration of sulfur dioxide over a long path.

The require-

ments of such an instrument have been analyzed, and a system has beeri
designed based on the principle of absorption spectroscopy.

Suffi-

cient sensitivity and selectivity have been found to be achievable
through the use of a tunable laser light source operating in the
ultraviolet.

Three phenomena that could strongly influence the

ope~~

ation of the system have been determined to be spectral interference,
scattering, and turbulence.

The influence of these effects has been

analyzed in a preliminary fashion and found to be acceptable.
In order to determine the effectiveness of the selected approach,
a frequency-doubled dye laser light source has been designed, constructed, and tested in the laboratory.

The relatively high system cost

coupled with short flashlamp lifetimes suggests that it would be most
difficult to achieve the low cost and reliability necessary for such an
instrument to be acceptable to a typical air pollution agency.

Improv-

ing the reliability would likely further increase the cost.
It should be stressed that the system designed and analyzed_
appears quite feasible, but not within the given constraints.
cost._ is acceptable, then the following modifications to the dye

If higher
lase~

are suggested as ways of improving its efficiency and therefore incr~asing

149
the flashlamp lifetime:
1.

Reduce the intracavity optical losses by antireflection

coating
2.

th~

dye cell Yindows.

Decrease the diameter of the dye cell until it is more
nearly the size of a fundamental mode laser beam.

In this

way less of the flashlamp light will be absorbed by dye
outside of the lasing region.
3.

Improve both the optical quality and reflectivity of the

r~

flectors used to couple the flashlamp light into the dye ce+l.
A second portion of the dye laser which needs significant improvement is that of spectral narrowing.

Introduction of an etalon into the

cavity is the surest way to achieve spectral narrowing; however, it ;ill
be necessary to tune the etalon to each desired wavelength and this ~ill
probably necessitate the use of another stepping motor driven rotary
mount.

A simpler method of decreasing the laser linewidth is to intro-

duce a beam expanding telescope between the ·dye cell and the tuning
prisms.

The cost of such a telescope will not be small since the

optical elements should be of diffraction limited quality and antireflection coated.
A third change which will probably

~e

necessary eventually is the

abandonment of the triggered spark gap in favor of a thyratron.

The

amount of radio frequency interference (RFI) generated by the spark gap
is sufficient to render most test equipment useless, and it can probhbly
be expected to do the same thing to the

pollut~nt

detection

electronics~

The frequency doubler design is basically soUn.d, but the following
impl'l()vements are suggested:
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1.

Replacing the 185 nnn focal length lens with one of more
optimum focal length.

2. Acquiring a KDP crystal to replace the present, temperature sensitive ADP.
3.

Use of a dichroic mirror to separate the fundamental and
second harmonic wavelengths.

With the present fused silica

dispersing prism, the angle that the uv leaves the setup
changes as one changes wavelength.
In addition to the necessary additional laser system developmeht,
the effects of turbulence on the system design requirements and
mance should be examined in more detail.

perfor~

In fact, that would appear to

be a major study in itself.
Finally, recent rapid advances in the state-of-the-art of micrc
processors suggests ·that a new study of detection methods
the effects of spectral interference be undertaken.

~or

reducing

It might well turn

out that through advanced and now practical computational techniques
one could·deduce the pollutant concentration from data produced by a
single multiline infrared gas laser.
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APPENDIX I
PROOF THAT THE MINIMUM SIZED BEAM WHICH CAN BE SYMETRICALLY

PROPAGATED BETWEEN TWO POINTS IS ONE WHICH IS CONFOCALLY FOCUSSED
In Chapter II it was asserted that the smallest beam which
could be symetrically propagated between two points a distance L
apart, was one whose beam radius w at the two ends of the path
of propagation z

=0

and z

= L/2,

at the path midpoint z
w

= L,

was related to the beam radius w

0

by:

= w0 /2

(2.

4)

In this appendix we shall show that this assertion is in fact true.
The question can be posed simply as, "For a given path L,
what is the minimum value for the beam radius at the ends of the
path? 11

Kogelnik and Li showed that the beam radius w at the ends

of the path was related to the pathlength z, the wavelength of the
light and the radius of the beam in the waist region by:

w • w0

[1 + (v:: )T/2

(2. 7)

2

The maxima and minima of this function can be determined by taking
the derivative of (Al.2) with respect tow , and setting that
0

derivative equal to zero.
dw
dwo

[
a

1

+

(

Taking

AZ )2]
vw/

t~e

1/2

-

derivative we get:

( h )2 ~ ( )2]
2 vw,/ L+ vw/
).z

-1/2

(Al.l)

This can be reduced to
__!!__. 1
1fW
0

2

(Al. 2)

a result which when substituted back into (Al.2) yields
w. w

0

/2

(2. $)
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which is the case of confocal focussing as was asserted in
Chapter II.

